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Résumé 
La dispersion, définie comme un mouvement individuel pouvant induire des flux de gènes, est 
un processus crucial pour le maintien à long terme des (méta-)populations. L'apport de 
nouveaux gènes dans une population permet de contrecarrer l'effet négatif de la dérive 
génétique et ainsi de limiter les risques de consanguinité, pouvant être néfastes pour les 
individus et engendrer une extinction des populations. La dispersion est un également un 
comportement pouvant être à l'origine de (re-)colonisation d'habitats. L'étude de ce 
comportement, ciment liant les populations entre elles, est devenue essentielle depuis plusieurs 
années, notamment dans le but de mieux comprendre le fonctionnement des populations.  
 Cette thèse a pour objectif principal d'améliorer notre connaissance sur la dispersion, en 
particuliers concernant ses causes et ses conséquences. Dans un premier temps, une co-
évolution entre ce comportement et d'autres traits d'histoire de vie a été mise en évidence chez 
les amphibiens et les papillons. Par conséquent, de fortes relations entre les capacités de 
dispersion et traits morphologiques ou d'histoire de vie ont été montrées, permettant dans un 
deuxième temps de prédire à partir de quelques traits les capacités de dispersion chez les 
espèces pour lesquelles les données de dispersion restent manquantes. Ces relations ont 
également montré des liens forts avec des traits d'histoire de vie autres que les mesures 
morphologiques (taille du corps ou de l'aile) utilisées jusqu'alors comme proxy des capacités de 
dispersion chez de nombreuses espèces. 
 Dans une seconde partie, l'évolution de la dispersion biaisée par le sexe a été étudiée. 
Le biais de dispersion (en faveur des mâles ou des femelles) a été relié à différents traits 
d'histoire de vie chez de nombreuses espèces. Le système d'appariement (confirmant 
l'hypothèse de Greenwood), le sexe territorial ainsi que le sexe effectuant des soins parentaux 
montrent de fortes corrélations avec le biais de dispersion. Le lien entre biais de dispersion et 
traits d'histoire de vie a donc été discuté notamment dans le but de prédire le biais de 
dispersion chez les espèces sans données. La dispersion biaisée par le sexe a ensuite été étudiée 
en milieu expérimental (le Métatron) sur une espèce de papillon, la piéride du chou (Pieris 
brassicae). L'impact de populations à sexe ratio déséquilibrés a été testé sur la dispersion des 
mâles et des femelles. Les résultats de cette étude ont mis en évidence des pressions 
environnementales agissant de façon différente sur la dispersion des deux sexes.  
 En troisième partie, l'impact de la qualité de l'habitat et de la densité de population a 
également été testé dans le Métatron, sur la piéride du chou. Les habitats de mauvaise qualité 
ainsi que des populations à forte densité de population ont montré de forts taux de dispersion. 
Il est fort probable que la compétition pour l'accès aux ressources et/ou à la reproduction (en 
lien avec la qualité de l'habitat et la densité de partenaires sexuels disponibles) soit le moteur 
principal de la dispersion. Afin de mettre en évidence des phénotypes dispersants chez la 
piéride du chou, des mesures individuelles ont également été mises en relation avec les 
capacités de dispersion des individus. Les individus ayant de bonnes performances de vol en 
laboratoire et de grandes tailles d'aile ont montré de meilleures capacités de dispersion en 
milieu expérimental. Dans un contexte de dégradation des habitats à l'échelle nationale, la 
performance de vol des individus a également montré une relation négative avec la 
fragmentation des habitats, suggérant un impact non négligeable de cette menace sur les 
capacités de dispersion des individus.  
 Tous ces résultats soulignent la complexité des pressions - internes, environnementales 
ou populationnellles - agissant sur la dispersion des individus, et permettent de mieux 
comprendre les processus responsables de ce comportement nécessaire au maintien à long 
terme des populations. Cependant, l'impact des interactions entre les différentes pressions sur 
la dispersion restent encore floues, et de nouvelles études sur les effets combinés de plusieurs 
facteurs sont nécessaires afin de compléter notre connaissance sur le comportement de 
dispersion. 
Abstract 
Dispersal, defined as individual movement can induce gene flow, is a critical process for long-
term (meta-)populations persistence. Indeed, the addition of new genes in a population can 
counteract the negative effects of the genetic drift and thus reduce the risk of inbreeding, which 
can cause populations extinction. Dispersal is also a behavior that could be the source of (re-) 
colonization of habitats. The study of this behavior, cement between populations, has become 
essential for many years, particularly in order to improve our understanding about populations 
functioning. 
 The main objective of this thesis is to improve our understanding of dispersal, including 
its causes and its consequences. In a first step, a co-evolution between this behavior and several 
life history traits has been demonstrated in amphibians and butterflies. Therefore, strong 
relationships between dispersal abilities and morphological traits or life histories were shown, 
to predict dispersal abilities among species for which the dispersal data are still missing. These 
relationships have also shown strong links with life history traits, other than morphological 
measurements (body size or wing size) previously used as a proxy for dispersal abilities of 
many species. 
 In the second part, the evolution of sex-biased dispersal was studied. Dispersal bias 
(males or females bias) was connected to different life history traits in many species. The 
mating system (confirming the Greenwood hypothesis), the territorial sex and the sex 
performing parental care showed strong correlations with the dispersal bias. The link between 
dispersal and life history traits has been discussed especially in order to try to predict sex-
biased dispersal in species without data. Sex-biased dispersal has also been studied in 
experimental condition (in the Metatron) on the cabbage butterfly (Pieris brassicae). The 
impact of unbalanced sex ratio populations has been tested on the dispersal of males and 
females. The results of this study have highlighted environmental pressures acting differently 
on the dispersal of both sexes. 
 In the third part, the impact of habitat quality and population density has also been 
tested in the Metatron, with the cabbage butterfly. Poor habitats and high population density 
showed high levels of dispersal. It is likely that competition for resources access and / or 
reproduction access (in relationship with habitat quality and number of available sexual 
partners) seemed to be the main driver of dispersal. In order to highlight dispersant phenotypes 
in the cabbage butterfly, individual measures were also related to the individual dispersal 
abilities. Individuals with good flight performance in laboratory and large wing sizes showed 
better dispersal abilities in experimental conditions. Moreover, in a context of habitat 
degradation at the national scale, flight performance of individuals also showed a negative 
relationship with habitat fragmentation, suggesting a significant impact of this threat on 
dispersal abilities of individuals. 
 Altogether, these results underline the complexity of pressures - internal, environmental 
or populational - acting on the dispersal of individuals, and allowed to improve our 
understanding about the processes responsible to induce this behavior, necessary for the long-
term population's persistence. However, the impact of the interactions between different 
pressures on dispersal are still unclear, and further studies on the combined effects of several 
factors are needed to complete our knowledge of the behavior of dispersal. 
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Métapopulations : Population de populations, chacune d'entre elles ayant une espérance de vie 
limitée et étant soumise à une balance stochastique entre processus d'extinctions et de 
recolonisations (Levins 1970; Hanski 1999). Les métapopulations sont donc des réseaux de 
populations locales interconnectées entre elles grâce aux mouvements de dispersion des individus. 
Cependant, même si les populations sont interconnectées entre elles, elles ne le sont pas 
suffisamment pour constituer un ensemble panmictique. La dynamique des métapopulations est 
soumise à 4 conditions (Hanski 1998) : (1) les patchs d'habitats doivent être de qualité égale (i.e. 
homogènes) ; (2) une population ne doit pas dépasser une trop forte densité de population, pouvant 
engendrer sa propre survie à long terme ; (3) les patches d'habitats doivent être relativement isolés 
les uns des autres tout en étant proches malgré tout, afin d'éviter leur re-colonisation par d'autres 
patches adjacents ; (4) la dynamique des populations locales doit être suffisamment asynchrones 
pour que l'extinction locale simultanée de toutes les populations locales soit probable.  
 
Dispersion : Mouvement individuel entre populations pouvant induire des flux de gène (Ronce 
2007). En général, ce mouvement est unidirectionnel et les individus ne font pas d'aller retour 
(Semlitsch 2008). 
 
Migration : Mouvement individuel entre sites inclut dans le domaine vital de l'espèce, n'incluant 
pas de flux de gènes. Ce mouvement est souvent bidirectionnel, du fait que les individus se déplacent 
entre sites de reproduction, sites d'hivernage ou de nourrissage par exemple (Semlitsch 2008).  
 
Philopatrie : La philopatrie est la tendance de certains individus à rester ou à retourner à leur site 
de naissance. Ce comportement est généralement opposé aux comportements de dispersion.  
  
Notion d'échelle : On définit généralement la notion d’échelle à partir de deux concepts : 
l’étendue et le grain. Selon Turner et al. (2001) l’étendue se définit comme la taille de l’aire d’étude 
ou comme la durée de cette étude alors que le grain réfère au plus fin niveau de résolution possible 
retrouvé à l’intérieur de la base de données étudiée. 
 
 Connectivité : D’après Burel & Baudry (1999), les mouvements entre les patches d'habitats 
forment un processus essentiel en écologie du paysage. La connectivité spatiale fait référence au fait 
que deux patches d'habitats soient adjacents ou joints dans l’espace par une connectivité 
fonctionnelle. On distingue différentes connectivités : la connectivité structurelle qui concerne la 
proximité spatiale ; la connectivité potentielle qui va dépendre des capacités de déplacement des 
espèces considérées ; et la connectivité réelle (qualité fonctionnelle). Une forte connectivité 
structurelle peut s’avérer d’une très faible connectivité fonctionnelle. La matrice peut être perméable 
(ce qui va faciliter les mouvements entre patches) ou rugueuse (freinant les déplacements).   
 
Espèce : Mayr (1942) définit les espèces comme des "groupes capables, ou potentiellement 
capables, d’inter-croisement et qui sont reproductivement isolés des autres groupes".  
 
Traits d’histoire de vie : Les traits d'histoire de vie d'une espèce décrivent le mode de vie d’une 
espèce, son régime alimentaire, les caractéristiques de sa reproduction, de sa dispersion et autres 
aspects de sa biologie. 
 
Fitness : La fitness est souvent définit comme étant la valeur sélective d’un individu. C'est-à-dire 
l’aptitude des espèces à survivre dans leur milieu à travers des performances individuelles mais 
également à travers les capacités de la descendance à évoluer et à s’adapter aux variations 
environnementales (Blondel 1993). Elle peut également se définir comme étant le nombre de 
descendants atteignant la maturité sexuelle qu'un individu peut produire (Futuyma 1998). 
 
 
 
 
Chapitre 1 
 
Introduction générale 
 
 Facteur clé du maintien des populations : la dispersion 
 
• L'espèce dans son environnement 
  
Les espèces possèdent trois composantes fondamentales en relation avec leur environnement : 
leur aire de répartition géographique, leur habitat et leur niche écologique. L'aire de 
répartition géographique d'une espèce donnée est une zone incluant la totalité de ses 
populations. A l'intérieur de cette aire, les populations de l'espèce considérée sont distribuées 
dans un milieu de vie, appelé habitat de l'espèce, auquel elles sont inféodées. En d'autres 
termes, l'habitat défini l'ensemble des milieux utilisés par l'espèce. Un habitat est dit "optimal" 
ou "préférentiel" si la réussite reproductive de l'espèce (appelée fitness) est optimale (Martin 
1998). On parle d'habitat sous-optimal lorsqu'il s'agit d'un milieu de substitution où l'espèce 
survit, mais où la fitness est plus faible que dans l'habitat optimal.  
 
 L'habitat d'une espèce représente l'un des axes de sa niche écologique. D'après 
Hutchinson (1957), la niche écologique d'une espèce peut se définir comme étant un 
hypervolume où chaque dimension de l'espace va représenter une ressource (alimentaire, 
spatiale, sites de reproduction...) ou une condition (température, humidité, hygrométrie...) de 
l'environnement. Les conditions et les ressources (dont la quantité varie dans l'espace et le 
temps en fonction de l'activité de l'espèce) représentent les conditions qui limitent la répartition 
d'une espèce en particulier. La niche écologique d'une espèce définit également la place de 
l'espèce (proies, prédateurs) dans le fonctionnement de l'écosystème. D'après Odum (1959), "la 
niche écologique, c'est la profession de l'espèce alors que son habitat en est l'adresse". Les 
espèces exploitent ainsi les potentialités du milieu en utilisant de façon optimale les trois 
caractéristiques présentées ci-dessus - où la fitness de l'espèce est optimale - et conditionnant 
en partie la taille et la connectivité de leurs populations, expliquant pourquoi les espèces ne 
sont pas réparties uniformément dans l'espace et dans le temps. 
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 Les populations sont définies comme des groupes d'individus de la même espèce 
répartis dans une zone géographique bien définie de telle sorte que chaque individu ait une 
opportunité équivalente d'interagir avec les autres membres de son espèce (compétition, 
interactions sociales, reproduction; Hartl & Clark 1997). Les populations sont reliées entre 
elles par un processus de mouvement individuel appelé dispersion. La capacité et la distance de 
dispersion d'un individu dépend entre autres de la structure paysagère de l'habitat dans lequel 
l'individu va disperser. La structure du paysage, caractérisée par la taille des patchs d'habitats 
favorables à l'espèce considérée et par la matrice, plus ou moins défavorable qui englobe ces 
patchs dans le paysage, est donc un paramètre clé dans le fonctionnement des (méta-) 
populations (Fig. 1.1). Dans ce manuscrit, une métapopulation est définie comme étant un 
ensemble de populations d'une même espèce réparties dans l'espace, de taille variable, entre 
lesquelles existent des échanges plus ou moins réguliers et importants de migrants (Hanski 
1999). La persistance de la métapopulation dépend d'un équilibre stochastique entre les 
extinctions locales et la recolonisation des sites vacants (Levins 1969). En permettant aux 
individus dispersants de (re-)coloniser certains patchs d'habitats vides, la dispersion a 
également un rôle majeur dans la colonisation de nouveaux patchs d'habitat. Ce processus est 
également crucial dans le développement d'espèces envahissantes, comme chez une espèce de 
crapaud en Australie (Bufo marinus) pour laquelle on observe une colonisation extrêmement 
rapide depuis son introduction dans les années 1970 (Phillips et al. 2006). Le rôle de la 
dispersion dans la colonisation de nouveaux habitats fait également référence à la limitation de 
la répartition géographique de l'espèce.  
 
  
Figure 1.1. Schéma d'une structure 
paysagère avec en vert les patchs 
d'habitat favorables à l'espèce 
considérée, imbriqués dans une matrice 
paysagère (en jaune), plus ou moins 
favorable. Les patchs d'habitat sont 
connectés entre eux par le départ et 
l'arrivée de migrants entre les populations via le processus de dispersion. Des barrières 
(naturelles ou d'origine anthropique) peuvent limiter voire bloquer la dispersion entre les 
patchs d'habitat (en noir).  
 
Matrice
Barrière
Patch d’habitat
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 Dans un contexte de connectivité paysagère, il existe des liens fonctionnels entre les 
patchs d'habitats favorables, appelés corridors (Burel & Baudry 1999). Les corridors sont 
définit par Chetkiewicz et al. (2006) comme étant des zones du paysage qui facilite le flux ou 
les mouvements des individus, des gènes et des processus écologiques. Les corridors peuvent 
avoir plusieurs fonctions, en fonction de l'échelle d'étude ou de l'espèce étudiée. Ils peuvent 
être définis comme de simples couloirs pour le transport ou la traversée des espèces animales, 
végétales ou fongiques. Les corridors peuvent également jouer le rôle d'habitat ou de refuge où 
les espèces effectuent l'ensemble de leurs cycles biologiques. Ils peuvent aussi être considérés 
comme des filtres : en effet, une zone favorable pour une espèce ne le sera pas forcément pour 
d'autres. Les corridors peuvent donc être assimilés à des couloirs pour certaines espèces et être 
en même temps des barrières pour d'autres. Enfin, ils peuvent également être des réservoirs 
d'individus colonisateurs (source) ou à l'inverse, constituer pour certaines espèces un des 
espaces colonisés par une population source en périphérie (puits). Par exemple, en zones 
agricoles, les haies peuvent faire office de corridors pour la plupart des espèces (insectes et 
micromammifères), leur offrant une zone refuge contre les prédateurs ainsi qu'un site de 
nourriture entre deux patchs d'habitats favorables. Cela leur permet également d'éviter de 
traverser la matrice paysagère, plus ou moins défavorable. Par conséquent, la restauration des 
réseaux de corridors biologiques est une stratégie majeure dans la gestion de restauration ou de 
conservation des écosystèmes, en particulier dans les paysages fragmentés. L'autre mesure 
compensatoire étant la protection des habitats eux-mêmes. Plusieurs études ont mis en 
évidence un effet positif des corridors sur la biodiversité. Il a par exemple été démontré que la 
richesse spécifique (Gilbert et al. 1998, Gonzales et al. 1998) en particulier chez les abeilles 
(Steffan-Dewenter et al. 2002) augmentait avec la proportion de trames vertes (i.e. corridors 
écologiques terrestres - la mise en place des trames vertes (corridors terrestres) et bleues 
(aquatiques) fait partie d'un vaste projet national de restauration des écosystèmes en restaurant 
les corridors écologiques, en particulier dans les milieux fragmentés).  
 
• Connexions entre les populations : la dispersion 
 
La dispersion est un processus majeur dans l'évolution et la dynamique des populations, 
permettant de contrecarrer l'effet négatif de la dérive génétique (Wright 1931) et diminuer ainsi 
le risque de consanguinité grâce à l'apport de nouveaux gènes dans une population. Elle joue 
donc un rôle crucial dans la persistance à long terme des (méta-) populations (Bowne & 
Bowers 2004; Clobert et al. 2001; Hanski 1998, 1999; Johst & Brandl 1997; Olivieri et al. 
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1995; Ronce 2007). Ce mouvement individuel pouvant induire des flux de gènes (Ronce 2007) 
a souvent été confondu avec la migration. Cette dernière correspond à un déplacement 
individuel qui n'implique pas nécessairement de reproduction dans le patch d'habitat d'arrivée. 
Elle ne participe donc pas forcément aux flux de gènes entre populations (Fig. 1.2). La 
dispersion est généralement effectuée par des individus juvéniles (Rothermel 2004; Semlitsch 
2008) en quête d'un site de reproduction. Ces individus garantissent les échanges génétiques 
entre les populations, même si des épisodes de dispersion peuvent survenir entre plusieurs 
saisons de reproduction chez les adultes (Berven & Grudzien 1990; Greenwood 1980). Grâce à 
l'arrivée de migrants dans de nouveaux patchs d'habitat, la dispersion peut également être à 
l'origine de (re)colonisation d'habitats vacants (Fig. 1.3). 
 
A. Migration (mouvement intra-populationnel)
Site de reproduction Site d’hivernage
Site de naissance Site de reproduction
Mouvement 
unidirectionnel
Mouvement 
bidirectionnel
B. Dispersion (mouvement inter-populationnel)
 
 
Figure 1.2. Différence entre les mouvements migratoires (A) et de dispersion (B) : exemple 
chez les amphibiens. Les flèches indiquent les mouvements. Schéma extrait de Semlitsch 
(2008).  
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Figure 1.3. Schéma d'une métapopulation suivant le modèle de Levins (1970). Ce modèle 
repose essentiellement sur les taux d'occupation des patchs soumis à une balance entre 
extinctions et (re)colonisations locales.  
 
 Tous les individus d'une population ne dispersent pas. Récemment, plusieurs études ont 
mis en évidence l'existence d'un phénotype particulier pour les individus dispersants en 
comparaison avec les individus résidents (i.e. qui ne dispersent pas). Cette différence 
phénotypique a été démontrée chez de nombreuses espèces (Bowler & Benton 2005; 
Swingland 1983) et distingue les résidents des dispersants par divers aspects physiologiques, 
morphologiques ou encore comportementaux. Ces différences phénotypiques peuvent 
impliquer un ensemble de traits (i.e. "syndrome de dispersion") et peuvent être causées par des 
changements ontogéniques pouvant être irréversibles (Clobert et al. 2009). Un des exemples le 
plus connu est celui des rats-taupes nus (Heterocephalus glaber), où le phénotype des 
dispersants est distinctement différent de celui des résidents. Chez cette espèce, les individus 
dispersants sont plus gros, présentent des niveaux élevés d'hormone lutéinisante (stimulant la 
production de testostérone), ont une forte envie de disperser et ne sollicitent des accouplements 
qu'avec des individus d'autres colonies que la leur (O'Riain et al. 1996).  
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 D'autres études montrent des différences phénotypiques entre résidents et dispersants au 
niveau : 
i. (1) physiologique, où il a été montré que les immigrants avaient des taux de 
testostérone plus élevés que les résidents (Holekamp & Sisk 2003; Woodroffe et al. 
1993);  
ii. (2) comportemental, où des individus dispersants étaient plus sociaux (Cote & 
Clobert 2007) ou plus agressifs (Duckworth & Badyaev 2007; Myers & Krebs 
1971) que les individus résidents; 
iii. (3) morphologique, où il a été démontré que des individus dispersants étaient plus 
grands que les individus résidents (Anholt 1990; Fjerdingstad et al. 2007; Hanski et 
al. 1991; Holekamp 1986; Sinervo et al. 2006); 
iv. (4) des traits d'histoire de vie, où les individus ayant pris la décision de disperser 
pouvaient profiter d'une meilleure fécondité que les résidents (Ebenhard 1990; 
Hanski et al. 2006) mais pour lesquels la dispersion aura eu un impact négatif sur 
leur survie (Roff & Fairbairn 2001). 
 
 La décision de disperser est un phénomène complexe, soumis à différentes pressions 
issues de facteurs internes (traits d'histoire de vie, sexe...) ou externes (i.e. environnementaux, 
comme la densité de congénères présente dans le patch initial, la qualité de l'habitat...). Un 
individu peut augmenter sa probabilité de disperser en fonction de l'équilibre coûts/bénéfiques 
liées à ce processus. Par conséquent, si les coûts de la dispersion deviennent moins importants 
que les coûts subits par l'individu dans son patch d'habitat initial, on peut s'attendre à ce que 
celui-ci prenne la décision de disperser, dans le but d'augmenter ses chances de rencontrer des 
partenaires sexuels par exemple. Néanmoins, toute décision de disperser (même bénéfique) est 
associée à des coûts élevés pour l'individu dispersant. 
 
 Les coûts et les bénéfices de la dispersion ainsi que son évolution 
 
Le processus de dispersion peut se décomposer en trois phases principales (Clobert et al. 2009; 
Fig. 1.4): le départ d'un patch, le transfert entre patchs et l'établissement dans un nouveau 
patch. Au cours de ces trois phases, différentes pressions vont agir sur les individus dispersants 
et engendrer un certain nombre de coûts et des bénéfices sur ces derniers.  
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Processus paysagers
Processus biologiques
Taille et qualité des patchs 
Perméabilité des frontières
Configuration des 
patchs et du paysage
Taille et qualité des patchs
Emigration Transfert dans 
la matrice
Immigration
Propension à disperser
Evitement de la compétition entre 
apparentés                                  
Evitement du coût de la consanguinité
Variation dans le succès reproducteur
Déplacement
Capacité de mouvement 
Sélection de l’habitat        
Coûts différés et mortalité
Établissement                            
Gamme de perception             
Attraction conspécifique                
Barrière sociale
 
Figure 1.4. Représentation schématique de l'interaction entre les processus biologiques et 
paysagers à chaque stade de la dispersion (schéma de Baguette & Van Dyck 2007; modifié de 
Ims & Yoccoz 1997; Bowler & Benton 2005). 
 
 Il est fort probable que la dispersion soit un comportement soumis à des pressions de 
sélections, dépendants de la balance entre coûts et bénéfices de ce processus. Des modèles 
récents (Bowler & Benton 2005) montrent que ce compromis coûts/bénéfices va dépendre tout 
d'abord du facteur déterminant l'évolution de la dispersion, mais également de l'état interne de 
l'individu (traits d'histoire de vie, sexe). Par conséquent, les individus qui vont disperser ne 
vont pas forcément le faire pour les mêmes raisons, et on va également observer des 
différences (parfois frappantes) entre les individus résidents et dispersants. Les individus 
dispersants peuvent donc avoir des caractéristiques différentes des résidents (syndrome de 
dispersion). Dans un premier temps, ces caractères particuliers (physiologiques, 
morphologiques ou comportementaux) peuvent apparaître avant la décision de disperser. Dans 
ce cas, ces individus seront certainement plus aptes à disperser que les individus ne présentant 
pas les mêmes caractères qu'eux (par exemple une production de testostérone plus importante, 
motivant la dispersion chez certaines espèces ; Holekamp & Sisk 2003; Woodroffe et al. 
1993). Deuxièmement, la décision de disperser peut apporter certains changements notamment 
en termes d'histoire de vie chez les individus ayant fait ce choix. Par exemple, la dispersion 
peut permettre aux individus dispersants d'augmenter leurs rencontres avec des partenaires 
sexuels, leur procurant une meilleure fécondité que les individus résidents (Ebenhard 1990; 
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Hanski et al. 2006). Cependant, la décision de disperser comporte des risques et peut impacter 
de façon non négligeable la survie des individus dispersants (Roff & Fairbairn 2001). 
 
 La décision de disperser peut apporter certains bénéfices aux individus dispersants en 
évitant les coûts de la consanguinité (Bengtsson 1978; Parker 1979, 1983; Waser et al. 1986) 
ou en évitant la compétition entre apparentés (Hamilton & May 1977). En effet, la 
consanguinité est un paramètre montrant de nombreux coûts associés, comme une réduction du 
poids des individus à la naissance (Coltman et al. 1998), une diminution du taux de survie des 
jeunes (Dietz & Baker 1993), une absence de fertilité au stade adulte (Westemeier et al. 1998), 
au encore une résistance moindre face aux maladies et aux divers stress environnementaux 
(Coltman et al. 1999; Keller et al. 1994). L'évitement de ces coûts peut ainsi apporter aux 
individus dispersants plus de chances de rencontrer des partenaires sexuels éloignés 
génétiquement d'eux dans d'autres patchs d'habitat. D'un autre côté, si un individu dispersant 
arrive dans un patch où la compétition est encore plus forte que dans son patch initial, sa 
décision de dispersion ne lui aura pas été bénéfique, rendant le processus coûteux. Bonte et al. 
(2011) répertorient les principaux coûts à la dispersion (Fig. 1.5), qui semblent être associés à 
de fortes pressions de sélection notamment dans les habitats fragmentés (Chepton et al. 2008). 
 
Trait d’histoire de vie
naissance taille/âge à
maturité sexuelle
reproduction mort
Stratégie de 
croissance
Stratégie de 
reproduction
Longévité
Stratégie de dispersion
Coûts énergétiques, 
temporels et risques
Coûts énergétiques, 
temporels et risques
Coûts énergétiques, 
temporels et risques
Transfert
Départ Etablissement
Post-établissementPré-départ
Coûts énergétiques durant 
le développement
Coûts d’opportunité
(intégration)
 
 
Figure 1.5. L'histoire de vie d'un individu est composée d'un ensemble de compromis (ou 
trade-offs; flèches noires) du fait que l'ensemble de son énergie ne puisse pas être 
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simultanément investie dans sa croissance, sa reproduction et sa dispersion. Par conséquent, 
l'investissement dans la dispersion ainsi que ses coûts associés peuvent avoir un impact sur 
l'investissement au cours du développement (avant la dispersion). Le processus de dispersion 
est une séquence de trois phases : le départ, le transfert et l'établissement, chacune de ces 
étapes ayant des coûts associés. L'investissement dans une de ces phases de la dispersion peut 
avoir une incidence sur les coûts perçus dans une autre étape. Schéma extrait de Bonte et al. 
2011. 
 
 Avant le départ d'un patch d'habitat (phase de pré-émigration), certaines espèces 
peuvent investir de l'énergie dans la production de structures particulières, plus adaptées à la 
dispersion (Bell et al. 2005; Cheung et al. 2006; Craig 1997; Vahl & Clausen 1980). Cette 
production de structures particulières varie en fonction de l'habitat dans lequel se trouvent les 
individus (dépendant du coût à la dispersion). Par exemple, le crépis de Nîmes (Crepis sancta) 
produit des graines dispersantes ou non dispersantes pouvant se décrocher de la structure 
parent. Chepton et al. (2008) ont montré que la proportion de graines dispersantes diminuait 
dans les habitats fragmentés, car elles avaient 55% moins de chances de pouvoir s'établir dans 
un nouveau patch d'habitat par rapport aux graines non dispersantes. Chez les insectes, la taille 
de l'aile des papillons est souvent utilisée comme un proxy de la dispersion (Ockinger et al. 
2010; Sekar 2012; Stevens et al. 2012). Ainsi, un investissement énergétique dans le 
développement de la taille de l'aile pourrait être un des premiers coûts à la dispersion (Ahlroth 
et al. 1999; Denno et al. 1985; Dixon et al. 1993; Dixon & Kindlmann 1999; Kisimoto 1956). 
Par ailleurs, il a également été démontré que certains comportements (comme la socialité ou 
l'agressivité par exemple) pouvaient permettre aux individus d'avoir de meilleures capacités de 
dispersion. L'énergie utilisée pour ces comportements pourrait également être un coût à la 
dispersion (Fjerdingstad et al. 2007; Yano & Takafuji 2002).  
 
 La phase de transfert de la dispersion est surement la phase la plus risquée, ayant de 
nombreux coûts pour les individus qui vont prendre la décision de disperser. Pour la plupart 
des individus dispersants, le déplacement en lui même a un coût énergétique (chez les 
insectes : Kramer & McLaughlin 2001; les poissons: Rand et al. 2006; les oiseaux: Mandel et 
al. 2008; les mammifères: Davis & Weihs 2007; Pontzer 2007). Après le départ d'un patch, un 
des coûts majeurs de la dispersion est l'exposition à la prédation durant la phase de transfert. 
Ce risque de prédation est notamment bien documenté chez les arachnides (Bell et al. 2005; 
Young & Lockley 1988), les bivalves (Lundquist et al. 2004; Oliver & Retiere 2006), les 
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insectes (Aukema & Raffa 2006; Galeotti & Inglisa 2001; Korb & Linsenmair 2002; Srygley 
2004) et les lézards (Amo et al. 2007; Hamann et al. 2007; Pietrek et al. 2009; Winne & 
Hopkins 2006). Lors des déplacements, les individus dispersants sont également exposés à 
d'autres mortalités, pouvant être dues par exemple aux collisions (Smallwood et al. 2009), au 
trafic routier (Massemin et al. 1998) ou à d'autres dérangements issus des activités humaines 
(Real & Manosa 2001). Un individu ayant fait le choix de quitter son patch d’habitat va donc 
être confronté à la structure paysagère de son habitat. La distance de dispersion qu'il va 
effectuer va ainsi dépendre de la structure et de la connectivité du paysage. Les variations de la 
qualité d'habitat (naturelles ou dues aux activités humaines) ainsi que certains éléments 
paysagers peuvent représenter des barrières à la dispersion et ont une forte influence sur la 
dispersion et son évolution. Enfin, il a également été démontré que les individus dispersants 
avaient des systèmes immunitaires moins performants (Adamo et al. 2008; Srygley et al. 2009) 
et étaient moins résistants aux maladies (Adamo & Parsons 2006; Calleri et al. 2006).  
 
 L'arrivée dans un nouveau patch d'habitat peut également être très coûteuse pour les 
individus, notamment s'ils arrivent dans un patch de mauvaise qualité (Cheptou et al. 2008) ou 
si la pression de prédation y est plus forte (Cochrane 2003; Keith & Pellow 2005; Kiviniemi 
2001). Pour certaines espèces d'oiseaux et de mammifères, l'arrivée dans un nouveau patch 
d'habitat peut être associée à une perte de repères, ainsi qu'une perte des liens familiaux et 
hiérarchiques nécessaires au maintien social du groupe (Dickinson et al. 2009; Griesser & 
Ekman 2004; Hansson et al. 2004; Nystrand 2007; Vanderwerf 2008). Ces perturbations 
peuvent être à l'origine d'une diminution du succès reproducteur (Brown et al. 2008) voire de la 
survie (Part 1991) des individus dispersants. Par exemple, chez certaines espèces de petits 
mammifères, le taux de survie des individus dispersants est jusqu'à deux fois inférieur à celui 
des individus philopatriques (Johnson & Gaines 1990). Chez d'autres espèces, il a été suggéré 
que les  femelles philopatriques possédaient un succès reproducteur plus élevé que celui des 
femelles ayant dispersé (Waser & Jones 1983), soulignant ainsi la présence de coûts non 
négligeables associés à la dispersion. Enfin, l'établissement dans un nouveau patch peut 
également engendrer une perte des adaptations locales développées par les individus dans leur 
ancien patch d'habitat (Leimu & Fischer 2008; Sanford & Kelly 2010; Tack & Roslin 2010). 
Dans le cas où les espèces ont des capacités de dispersion limitées, les échanges génétiques 
(i.e. flux de gènes) entre les populations se font rares, ce qui a pour conséquence une 
augmentation de la différenciation génétique au sein des populations pouvant induire une 
adaptation locale (Becker et al. 2006; Galloway & Fenster 2000). Une étude portant sur une 
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méta-analyse de 35 expériences de transplantations réciproques a montré que l'adaptation 
locale était beaucoup plus développée dans les grandes populations que dans les petites (Leimu 
& Fischer 2008). De plus, les populations ayant dispersé avaient une performance moins 
importante que les populations résidentes, et ce dans 71% des cas (Leimu & Fischer 2008). 
L'étude de Tack & Roslin (2010) démontre également que dans un contexte où l'immigration 
est forte, les populations locales peuvent rester dans des états de maladaptation locales.  
 
 Finalement, les coûts et bénéfices de la dispersion sont extrêmement dépendant des 
conditions rencontrées par les individus avant la décision de disperser ou au moment où ils 
vont s'établir dans un nouveau patch d'habitat (balance entre coûts et bénéfices de la 
dispersion). La décision de disperser peut être activée lorsque les coûts à la dispersion 
deviennent plus faibles que les coûts induits par le patch initial d'habitat (par exemple une 
densité de population trop forte engendrant de la compétition ou une densité de partenaires 
sexuels trop faible). Concernant l'évitement de la consanguinité, facteur clé engendrant de la 
dispersion, notons qu’il existe des variations importantes dans les niveaux de dépression de 
consanguinité entre les taxons, les populations et les divers environnements. Il est également 
important de noter que la fitness des individus dispersants et celle des individus résidents sont 
supposées être équivalentes dans la plupart des cas, excepté lorsque la dispersion est une 
réponse face à l'évitement de la consanguinité. Dans ce cas, c'est la valeur sélective inclusive 
(inclusive fitness) des individus dispersants qui va être maximisée. La décision de disperer est 
donc rarement bénéfique directement à l'individu qui disperse, étant donné la présence de coûts 
associés à un tel mouvement (Sutherland et al. 2000) et l'intensité de compétition 
intraspécifique souvent similaire dans le site d'établissement de l'individu (Perrin & Mazalov 
2000).  
 
• L'évolution de la dispersion 
 
 Dans le but d'optimiser leur survie, leur succès reproductif et donc leur valeur sélective 
(fitness), les individus doivent effectuer des choix entre de multiples options auxquelles ils sont 
confrontés tout au long de leur vie. Ces choix sont influencés par des mécanismes évolutifs 
(ultimates causes ; Lack 1954) responsables de l'évolution du comportement de l'espèce (par 
exemple la dispersion) par la sélection naturelle, mais aussi par des mécanismes immédiats 
(proximate causes ; Lack 1954), qui sont propres aux individus et inhérents à la perception de 
leur environnement. 
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Pour que des traits induisant de meilleures capacités de dispersion soient sélectionnés, 
cela sous-entend qu'il doit exister une variabilité naturelle dans les capacités de dispersion, que 
cette variabilité soit héritable et que les individus dispersants acquièrent des bénéfices. La 
dispersion en tant que comportement est soumise à des pressions de sélection, regroupées en 
quatre facteurs : l'instabilité de l'habitat, l'évitement de la consanguinité, les interactions entre 
apparentés et les risques liés à la dispersion (Gandon & Michalakis 2001; Ims & Andreassen 
2000; Johnson & Gaines 1990). Il est généralement admis que les stratégies de dispersion 
évoluent sous l'action de ces pressions de sélection aux effets antagonistes. Ainsi, la 
consanguinité et les deux types de compétition favoriseraient un comportement de dispersion 
chez les individus, tandis que la coopération entre individus apparentés tendrait davantage à 
favoriser un comportement de philopatrie (Lawson Handley & Perrin 2007). Cependant, 
l'interaction entre ces quatre composantes rend complexe la compréhension de l'évolution de la 
dispersion. Pour un individu, la décision de disperser peut être un choix très couteux (voir 
précédemment : Les coûts et les bénéfices de la dispersion). Le coût lié à la dispersion va ainsi 
contre sélectionner ce comportement (Gandon & Michalakis 2001). Cependant, dans un 
contexte où la compétition entre apparentés est forte, la dispersion, même si elle engendre un 
risque non négligeable pour l'individu dispersant, est un excellent moyen pour éviter les 
croisements entre apparentés, qui augmentent le risque de consanguinité au sein d'une 
population (Gandon 1999; Greenwood 1980; Perrin & Mazalov 1999, 2000). Plusieurs 
modèles (dont celui de Hamilton & Mayr 1977) montrent que la force qui provoque un départ 
des individus de leur patch d'habitat est la compétition entre apparentés, liée à l'évitement de la 
consanguinité. De nombreuses études suggèrent que l'évitement de la consanguinité est le 
mécanisme majeur responsable de l'évolution de la dispersion, autant sur le plan théorique 
(Bengtsson 1978; Motro 1991; Perrin & Mazalov 1999) qu'expérimental (Packer 1979; Wolff 
1992; Zedrosser et al. 2007). Suivant cette hypothèse, la dispersion contribuerait à réduire la 
probabilité que des individus étroitement apparentés génétiquement se reproduisent. Les coûts 
de la consanguinité résultent en une diminution de la valeur adaptative des jeunes attribuable 
exclusivement à la reproduction entre individus apparentés génétiquement (Pusey & Wolf 
1996). Grâce aux bénéfices apportés par la dispersion lors de certaines conditions 
populationnelles, ce comportement pourrait donc quand même être sélectionné. De plus, la 
variation temporelle de la qualité des patchs d'habitat pourrait également sélectionner la 
dispersion. Suivant cette hypothèse, Gandon & Michalakis (2001) montrent que l’instabilité de 
l’habitat exerce une influence plus importante que les interactions entre apparentés ou la 
dépression de consanguinité sur les taux de dispersion. 
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 Malgré la mise en évidence de nombreux facteurs identifiés comme étant les principales 
causes de la dispersion, une controverse persiste quant à leur réelle importance dans l'évolution 
de ce comportement (Lambin et al. 2001). Cette controverse en notamment accentuée du fait 
qu'il pourrait exister de fortes interactions entre ces facteurs (Dobson & Jones 1985), dont 
l'importance peut également varier selon l'espèce et l'échelle spatio-temporelle considérées 
(Pusey & Wolf 1996; Ronce et al. 2001). Dans la compréhension de l'évolution de la 
dispersion, une avancée majeure a été réalisée lorsque Greenwood (1980) a mis en évidence 
chez de nombreuses espèces d'oiseaux et de mammifères de la dispersion biaisée par le sexe. Il 
suggère alors que le sexe responsable de l'acquisition et de la défense du territoire bénéficiera 
plus de la philopatrie, et réduira donc sa dispersion. Parmi de nombreux autres facteurs, le sexe 
est donc devenu un élément clé dans les causes ultimes de la dispersion. Plusieurs modèles se 
sont particulièrement intéressés à l'évolution de la dispersion biaisée par le sexe (Perrin & 
Mazalov 1999, 2000). Ils montrent que les interactions entre apparentés (comme la coopération 
ou la compétition) peuvent être à l'origine de la dispersion d'un des deux sexes lorsqu'il existe 
une certaine asymétrie entre les deux sexes d'une même espèce. Par exemple, Greenwood 
(1980) prédit que chez les espèces polygynes, la compétition entre mâles pour l'accès aux 
femelles engendre une forte compétition entre mâles. Cette compétition pourrait être plus 
importante que la compétition entre les femelles pour l'accès aux ressources nécessaires à 
l'élevage des jeunes, et on peut s'attendre dans ce cas à observer une dispersion biaisée en 
faveur des mâles (les mâles auraient des capacités de dispersion supérieures à celles des 
femelles).  
 
 Toutes les forces agissant sur la dispersion sont donc intimement liées. Les pressions de 
sélection régissant les décisions de dispersion vont donc majoritairement dépendre des 
conditions populationnelles (densité d'apparentés ou de partenaires sexuels disponibles) 
présentes dans le patch de départ et d'arrivée mais aussi du système d'appariement de l'espèce 
et de son organisation sociale. Les différentes causes évolutives présentées ci-dessus 
n'engendrent pas nécessairement un comportement de dispersion identique, par exemple en 
termes de distance (Ronce et al. 2001). Pour une même cause immédiate, la dispersion pourrait 
être modulée différemment selon les causes évolutives qui la déterminent. Afin d'identifier les 
différents facteurs induisant de la dispersion et de comprendre l’effet des causes immédiates 
sur ceux-ci, il semble nécessaire de bien décrire et mesurer ce processus. 
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 Les causes de la dispersion 
 
• Les causes majeures de la dispersion 
 
Malgré de nombreux risques de mortalité durant les trois phases de la dispersion, ce processus 
peut apporter des bénéfices non négligeables aux individus qui vont décider de disperser. La 
décision de dispersion est un comportement complexe, soumis à de nombreuses pressions 
(Clobert et al. 2009 ; Fig. 1.6) et sous l’'influence d’une balance entre coûts et bénéfices. On 
s'attend donc à ce qu'un individu décide de disperser lorsque les bénéfices de la dispersion 
deviennent supérieurs aux coûts engendrés par ce processus. Les causes de la dispersion sont 
multiples. Il existe généralement deux grands types de causes de la dispersion : les facteurs 
internes ou phénotype-dépendants (comme les traits d'histoire de vie, le sexe...) et les facteurs 
externes (comme les paramètres populationnels ou environnementaux ; Fig. 1.6).  
Transfert
Départ Transfert Etablissement
Risque de 
consanguinité
Compétition entre 
apparentés
Compétition intra-
spécifique
Qualité
d’habitat
Risque de croisement 
interspécifique
Facteurs internes (phénotype)
Facteurs externes (condition)
Physiologie Comportement MorphologieTraits d’histoire de vie
Tra rt Etabliss t
condition)
 
Figure 1.6. Cadre conceptuel mettant en évidence toutes les variations individuelles pouvant 
être impliquées dans la dispersion. Les relations entre les trois stades de la dispersion (départ, 
transfert et établissement) avec la dispersion phénotype-dépendante (facteurs internes) ainsi 
qu'avec la dispersion condition-dépendante (facteurs externes) sont illustrés. Clobert et al. 
(2009) montrent dans leur étude les trois principaux processus façonnant la variation 
individuelle durant la dispersion : premièrement, les différences de phénotypes entre résidents 
et dispersants devraient dépendre de facteurs externes qui peuvent engendrer de la dispersion 
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(1) ; deuxièmement, et compte tenu de leur phénotype et de leur décision de disperser, la 
sensibilité des individus face aux conditions rencontrées durant les phases de transfert et 
d'établissement peut varier (2) ; enfin, un transfert d'informations entre mouvements 
individuels à travers le paysage pourrait causer des réactions inattendues entre les différentes 
étapes de la dispersion (3, flèches en pointillées). Schéma extrait de Clobert et al. (2009). 
 
 De telles différences de comportements ou de morphologie peuvent être intimement 
liées au sexe, faisant référence à la dispersion biaisée par le sexe, c'est-à-dire qu'un des deux 
sexes va plus disperser que l'autre, souvent pour des raisons faisant référence à leurs traits 
d'histoire de vie ou leur système d'appariement (monogamie vs polygamie). Ceci sous-entend 
que différentes pressions issues de facteurs internes et externes agissent sur chacun des sexes 
(voir Chapitre 4). Cette différence en termes de capacité de dispersion entre les sexes a été 
relativement bien décrite chez les oiseaux et les mammifères, mais reste cependant peu 
documentée chez les autres groupes taxonomiques. Par exemple chez le loup (Canis lupus), les 
mâles dispersent plus que les femelles (Gese & Mech 1991; Lehman et al. 1992; Mech 1987; 
Musiani et al. 2007) alors que chez plusieurs espèces singes (chez le bonobo Pan paniscus: 
Eriksson et al. 2006; chez le babouin hamadryas Papio hamadryas: Hammond et al. 2006 et 
même chez l'Homme Homo sapiens: Towner 2002), une dispersion biaisée en faveur des 
femelles est observée. 
 
 Les conditions environnementales dans le patch d'habitat initial vont également être des 
moteurs pour la dispersion. Parmi les différentes causes externes de la dispersion, la densité de 
population présente dans le patch initial semble être un paramètre non négligeable, pouvant 
même influencer le comportement d'établissement dans un nouveau patch (dispersion densité-
dépendante ; Cote & Clobert 2007). En effet, Clobert et al. (2009) suggèrent que les décisions 
de quitter un patch initial et de s'établir dans un nouveau patch sont probablement très 
influencées par la qualité d'habitat et la densité de population (Benard & McCauley 2008; 
Clobert et al. 2004; Stamps 2006). Par exemple, la qualité d'habitat (en termes de quantité ou 
de qualité des ressources) peut mener à de fortes compétitions entre les individus. En général, 
deux types de compétition sont généralement reconnus comme facteur engendrant de la 
dispersion : 1) compétition pour les ressources environnementales, et 2) compétition pour les 
partenaires sexuels (dite intra-sexuelle). Ces hypothèses ont été explorées à l'aide de modèles 
mathématiques (Gandon 1999; Perrin & Mazalov 2000; Waser 1985) et d'études empiriques 
(Lambin 1994; Le Galliard et al. 2006). Elles montrent que la dispersion d'un individu 
15
contribuerait à accroître sa valeur adaptative inclusive, en favorisant respectivement une plus 
grande accessibilité des ressources environnementales et des partenaires sexuels aux individus 
qui lui sont apparentés génétiquement (Clark 1978; Hamilton & May 1977). Dans la plupart 
des cas, ces deux facteurs sont fortement liés : une densité de population très élevée pouvant 
être synonyme d'une forte compétition intraspécifique. Cette relation positive entre densité de 
population et dispersion est bien documentée, notamment chez les papillons (Baguette et al. 
1996, 1998; Enfjäll & Leimar 2005; Nowicki & Vrabec 2011; Odendaal et al. 1989; Shapiro 
1970). Cependant, dans le cas où la densité de population est considérée comme une 
information de bonne qualité d'habitat, on peut s'attendre à une relation inverse, où une forte 
densité de congénères n'engendrera pas de dispersion (Gilbert & Singer 1973; Kuussaari et al. 
1996, 1998). Cette relation négative entre dispersion et densité de populations fait référence à 
l'hypothèse d'attraction sociale (Stamps 1991). Les pressions qui agissent sur les facteurs 
induisant la dispersion (comme la densité de population) sont donc très complexes. La qualité 
et la structure paysagère de l'habitat est également un facteur important pouvant engendrer de 
la dispersion. Par exemple, une étude chez les mésanges (Parus major) montre que la qualité 
de l'habitat ainsi que la densité de populations déterminent de façon différente l'établissement 
des petits et des grands adultes (Garant et al. 2005). Enfin, le type d'habitat peut également 
influencer le choix d'habitat des individus (exemple chez le carpet arlequin Lepomis 
macrochirus ; Ehlinger 1990). 
 
 Un autre facteur pouvant occasionner de la dispersion, moins documenté que la densité 
totale de population, est la densité de chaque sexe dans la population (i.e. sex-ratio; Baguette et 
al. 1998; Le Galliard et al. 2005; Matter & Roland 2002). En effet, pour la plupart des espèces, 
les individus doivent optimiser leur chance de rencontrer des partenaires sexuels afin de 
maximiser leur succès reproducteur. Les femelles produisent généralement moins de gamètes 
que les mâles, et ont la plupart du temps un nombre limité de partenaires (Birkhead & Møller 
1998; Clutton-Brock & Vincent 1991; Trivers 1972). A l'inverse, les mâles tentent de féconder 
autant de femelles que possible (Andersson 1994). La fitness des mâles semble donc être 
influencée par le nombre de partenaires sexuels qu'ils rencontrent tandis que la fitness des 
femelles semble plus dépendante du nombre et de la qualité de leurs œufs. De telles différences 
dans les stratégies de reproduction entre mâles et femelles se définit comme le conflit sexuel 
(Chapman et al. 2003; Hosken & Stockley 2005; Parker 1979; Tobler et al. 2011). Ce dernier 
peut induire une forte compétition entre mâles pour l'accès aux femelles, une forte compétition 
entre femelles pour les sites de pontes et des compétitions entre mâles et femelles. La quantité 
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de partenaires disponibles dans un patch d'habitat peut donc être considéré comme un facteur 
motivant la dispersion, notamment sur la dispersion biaisée par le sexe (Darden & Croft 2008; 
Greenwood 1980; Perrin & Mazalov 2000; Rankin 2011). Dans le cas des interactions males-
femelles, le harcèlement des mâles envers les femelles pour l'accès à la reproduction a été 
particulièrement bien documenté (Clutton-Brock et al. 1992; Darden & Croft 2008; Magurran 
& Seghers 1994; Smuts & Smuts 1993). Il peut être considéré comme une cause de la 
dispersion des femelles, les coûts des interactions avec les mâles étant plus élevés que les coûts 
associés à la dispersion dans ce cas. D'autres formes d'évitement des mâles par les femelles 
(comme la perte d'énergie, l'infanticide, les risques physiques dus aux interactions mâles-
femelles...) ont été étudiées chez de nombreuses espèces (chez les primates : Sterck 1997; chez 
les insectes : Baguette et al. 1998; Bauer et al. 2005; McLain & Pratt 1999; Shine et al. 2005; 
chez les poissons: Consuegra & Garcia de Leaniz 2007; Pilastro et al. 2003).  
 
 Importance de la dispersion en biologie de la conservation 
  
Le terme "biodiversité", défini comme étant "la variabilité des organismes vivants de toute 
origine y compris, entre autres, les écosystèmes terrestres, marins et autres écosystèmes 
aquatiques et les complexes écologiques dont ils font partie ; cela comprend la diversité au 
sein des espèces et entre espèces ainsi que celle des écosystèmes" (définition issue de la 
Convention sur la Diversité Biologique, Rio de Janeiro, 5 juin 1992) est utilisé depuis le 
XXème siècle, où une augmentation massive d'espèces en danger a été constatée. Cette 
extinction de masse est la plus importante depuis celle des dinosaures (Balmford et al. 2003; 
Vitousek et al. 1997). En premier lieu, l'estimation régulière de cette perte massive de 
biodiversité semble nécessaire avant de déceler les facteurs affectant la biodiversité. C'est dans 
ce but que fut créé en 1963 la Liste Rouge de l'UICN (Union Internationale pour la 
Conservation de la Nature), qui constitue aujourd'hui l'inventaire mondial le plus complet de 
l'état de conservation des espèces végétales et animales. La Liste Rouge de l’UICN utilise des 
critères quantitatifs afin de classer les espèces dans leurs catégories respectives en fonction du 
risque d’extinction (allant de peu concerné (LC) à éteint (EX) ; BirdLife International 2008). 
Ces critères sont basés notamment sur la taille de la population, le taux de déclin, et l’aire de 
répartition dont les différentes zones peuvent avoir un effet plus ou moins important sur la 
survie de l’espèce (Hanski 1982). Actuellement, près de 45 000 espèces ont été évaluées par 
l'UICN, et 38% d'entre elles ont été identifiées comme étant menacées (Vié et al. 2009), et plus 
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de 800 sont aujourd'hui éteintes. Après cet état des lieux, les scientifiques se sont plus 
particulièrement penchés sur les facteurs perturbant les espèces. De nombreuses menaces 
pesant sur la biodiversité ont donc été identifiées (Salafsky et al. 2008). L'introduction 
d'espèces envahissantes, la pollution, les changements climatiques et les activités humaines 
sont majoritairement responsables de la plupart des menaces (Hanski 2005; Salafsky et al. 
2008). 
 
  Parmi les pressions qui agissent sur la biodiversité, les activités humaines comme 
l’agriculture, le développement urbain ou encore la déforestation peuvent être à l'origine de la 
destruction ou de la modification des habitats. Ces deux modifications du paysage (naturelles 
ou induites par les activités humaines) sont considérées aujourd'hui comme les principales 
menaces pesant sur la biodiversité (Caughley 1994; Noss et al. 2006; Saunders et al. 1991; 
Wilcox & Murphy 1985). La modification des habitats peut engendrer un morcellement des 
habitats conduisant à un phénomène de fragmentation : des habitats autrefois connectés se 
retrouvent morcelés (exemple de la fragmentation des habitats chez le nacré de la bistorte en 
Fig. 1.7). Lors de ce processus, trois composantes majeures sont observées : la perte de 
l'habitat originel, la réduction de la taille des patchs d'habitats et l'augmentation de l'isolement 
des patchs d'habitats (Fig. 1.8; Andrén 1994; Cushman 2006; Fahrig 2003).  
 
 
Figure 1.7. Fragmentation des habitats du 
nacré de la bistorte (Proclossiana eunomia) 
entre 1775 et 1985. Figure extraite de 
Baguette et al. (2003). 
 
 
Figure 1.8. Le processus de la fragmentation des 
habitats, où "une large parcelle d'habitat est 
transformée en une mosaïque d'habitats, 
constituée de plusieurs petits patchs d'habitats de 
petite surface et isolés entre eux par une matrice 
d'habitats différente de la matrice originelle" 
(Wilcove et al. 1986). Les carrés noirs représentent les patchs d'habitats favorables pour une espèce en 
particulier et les carrés blancs les patchs d'habitats devenus défavorables à la présence de l'espèce suite à une 
1775 1985
3 km
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modification de l'habitat (agriculture intensive par exemple). La flèche symbolise le temps. Schéma extrait 
de Fahrig (2003). 
 
 L'isolement des patchs d'habitats engendré par la fragmentation des habitats a pour 
conséquence une diminution de l' "effet de sauvetage" ("rescue effect", Brown & Kodric-
Brown 1977). Cet effet correspond à l'arrivée d'immigrants (ou dispersants) provenant d'autres 
populations et pouvant se reproduire dans le patch d'habitat considéré. Ceci engendre un 
brassage génétique qui est nécessaire au maintien à long terme des populations. En effet, dans 
un paysage fragmenté, la diminution des échanges génétiques entre patchs d'habitats provoque 
un appauvrissement génétique au sein d'une population (Dodd & Smith 2003; Reh & Seitz 
1990), ayant pour conséquence directe une augmentation du risque de consanguinité du à l'effet 
négatif de la dérive génétique, surtout dans les petites populations isolées (Beebee 2005; Keller 
& Waller 2002; Tallmon et al. 2004). Une augmentation des taux de consanguinité dans les 
populations peut à long terme engendrer une extinction de ces populations. Les activités 
humaines peuvent également être à l'origine de barrières (comme les routes et les voies ferrées 
par exemple) empêchant les migrants de se déplacer d'un patch à l'autre. Ces barrières sont 
souvent responsables d'une importante mortalité chez les individus qui tentent de les traverser. 
Comme elles vont diminuer l'arrivée de nouveaux migrants, elles peuvent également accentuer 
l'isolement des populations (Reh & Seitz 1990) augmentant le risque d'extinction locale 
(Sjögren-Gulve 1994). Les mouvements individuels de migrants entre les populations induisant 
des flux de gènes font référence à la dispersion (Ronce 2007).  
  
 La dispersion est un processus jouant un rôle crucial dans la persistance des (méta-) 
populations (voir précédemment ; Facteur clé du maintien des populations : la dispersion). 
Par conséquent, la dispersion est également un facteur clé en biologie de la conservation (Berg 
et al. 2010). Connaître les capacités de dispersion d'une espèce semble donc être un facteur non 
négligeable pour une protection efficace de cette dernière. En effet, comprendre le 
fonctionnement des (méta-)populations d'une espèce est nécessaire en biologie de la 
conservation. Si les capacités de dispersion de l'espèce considérée sont sous-estimées, et que 
les zones de protection de l'espèce sont trop étroites (et n'assurant pas la "liaison" entre toutes 
les populations), on peut s'attendre à ce que l'effet négatif de la dérive génétique dans les 
populations deviennent un paramètre important mettant en péril les populations à cause d'une 
augmentation du taux de consanguinité. C'est pourquoi obtenir les capacités de dispersion des 
espèces devient aujourd'hui crucial, même si cette mesure peut être chez certaines espèces un 
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vrai challenge (demandant un important effort humain et financier). En dépit de l'importance 
cruciale de ce trait d'histoire de vie, un manque de connaissance sur les capacités de dispersion 
chez de nombreuses espèces (notamment menacées) est observé. 
 
 Mesurer la dispersion 
 
La dispersion reste un processus difficile à mesurer. On distingue deux types de dispersion, 
selon la méthode utilisée pour la mesurer (Slatkin 1985) : 
- La dispersion écologique est définie comme un mouvement unidirectionnel individuel 
pouvant impliquer des flux de gènes. Pour la mesurer, on utiliser des méthodes de suivi 
individuel (capture-marquage-recapture ou radio-tracking), sans savoir si des événements de 
reproduction (i.e. flux de gènes) ont eu lieu dans le nouveau patch d'habitat. Cette technique 
"directe" mesure donc la capacité des individus à se déplacer, notamment vers de nouveaux 
sites de reproduction, mais sans garantir un flux de gènes dans leur nouveau patch d'habitat 
(Slatkin 1985).  
- La dispersion efficace fait référence à la proportion d'individus dispersants qui se sont 
reproduits dans leur nouveau patch d'habitat. Elle est mesurée grâce à des méthodes génétiques 
(ou mesures "indirectes") permettant d'identifier et de quantifier uniquement les flux de gènes 
(et non les mouvements individuels) entre des populations. Une combinaison entre les deux 
types de mesures de la dispersion permet d'obtenir une vision globale des capacités de 
mouvements des individus et des réels flux de gènes (conséquence cruciale de la dispersion 
pour le maintien des populations) entre les populations. 
   
• Dispersion écologique : méthodes directes 
 
Deux méthodes directes pour estimer les capacités de dispersion des individus (i.e. la 
dispersion écologique) sont souvent utilisées. Il s'agit de deux techniques permettant un suivi 
individuel : le suivi par capture-marquage-recapture ou CMR (méthode passive) et le radio-
tracking (méthode active). La méthode de CMR consiste à marquer individuellement (par 
photo-identification ou injection de puces électroniques par exemple ; Fig. 1.9) un certain 
nombre d'individus (mâles et femelles) d'une espèce donnée et de les recapturer à plusieurs 
intervalles de temps. Cette méthode permet d'obtenir la proportion d'individus mâles et 
femelles recapturés et/ou la distance effectuée par les individus (entre deux sites de captures 
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par exemple) le plus souvent résumée sous forme de kernels de dispersion. Ces derniers 
décrivent la proportion d'individus dispersants en fonction des distances géographiques (Fig. 
1.10).  
 
 (a)  (b)  
Figure 1.9. Marquage individuel sur (a) un papillon et sur (b) un amphibien. Le marquage du 
papillon est une numérotation directement sur les ailes réalisée à l'aide d'un feutre indélébile. 
Le marquage du têtard est réalisé grâce à des alpha-tag (©Northwest Marine Technology), 
polymères fluorescents biocompatibles marqués d'un code numérique, injectées sous la peau de 
l'individu. Crédit photos ® : Michel Baguette et Olivier Calvez. 
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Figure 1.10. Exemple d'un kernel de dispersion (issu de Smith & Green 2005). Fréquence des 
distances de mobilité maximale mesurées chez les amphibiens à partir de 166 articles 
scientifiques (concernant 90 espèces). 30% des articles étudiés contenaient des distances de 
mobilité maximale supérieures à 1 km. 
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  Ces kernels de dispersion permettent également de mettre en évidence les rares 
événements de dispersions à longue-distance (DLD), c'est-à-dire la distance maximale mesurée 
chez un individu de l'espèce considérée. Cette mesure maximale de dispersion est cruciale pour 
la compréhension des capacités de colonisation, de la persistance de l'espèce ou encore du 
fonctionnement des métapopulations (Trakhtenbrot et al. 2005). Ces informations permettent 
donc d'avoir une idée des capacités de mobilité concernant la dispersion écologique de l'espèce 
étudiée. Les méthodes de suivis individuels (CMR ou radio-tracking) peuvent également servir 
à mettre en évidence une dispersion biaisée par le sexe, où un des deux sexes aura une capacité 
de mobilité (ou une proportion d'individus dispersants) supérieure à l'autre sexe.  
 
 Les méthodes directes (CMR et radio-tracking) sont souvent des études à court ou 
moyens termes, du fait de la difficulté de mettre en place un suivi d'individus, demandant 
d'importants efforts humains et financiers (Table 1.1). Du fait de leur faible échelle temporelle 
d'étude, ces méthodes permettent d'obtenir des informations "figées" des mouvements de 
dispersion existants à un certain temps t (le temps de l'étude).  
  
• Dispersion efficace : méthodes indirectes 
 
Le second moyen permettant de mesurer la dispersion fait appel aux techniques génétiques. 
Elles mesurent en réalité les conséquences de mouvements individuels ayant engendré des flux 
de gènes, en identifiant les individus qui se sont reproduits dans le patch d'arrivée après la 
phase de transfert. Les méthodes génétiques estiment donc la dispersion efficace et font 
souvent appel à des indices de différentiation génétiques des populations (Wright 1931). 
Wright (1965-1978) a défini l’indice FST (variance standardisée) comme l’hétérogénéité des 
fréquences alléliques entre plusieurs populations. Il représente la corrélation entre allèles à 
l’intérieur d’une sous-population par rapport à l’ensemble des sous populations. Ce paramètre 
est utilisé d’une façon hiérarchique. Soit T, un ensemble formé de S populations dont chacune 
est composée de I individus. La différenciation des populations par rapport au total (FST) peut 
être calculée en fonction des paramètres FIS (différenciation des individus à l’intérieur des 
populations) et FIT (différenciation des individus par rapport au total). Ils sont liés par la 
relation : 
FST 1
1 FIT
1 FIS
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 Dans un contexte de modèle de populations en îles (Wright's island model; Fig. 1.11), 
l'espérance de la valeur de FST est donnée par: 
 
Figure 1.11. Le modèle de populations en îles. 
Chaque population reçoit et donne des migrants à 
chaque autre population suivant un taux de 
migration identique (m). Chaque population est 
également composée du même nombre 
d'individus N. Schéma de Whitlock & McCauley 
(1999). 
 
Le produit Nm est important car il représente le nombre absolu de migrants arrivant dans 
chaque patch par génération. En effet, m représente la probabilité pour un gène donné de 
migrer dans un dème, mais aussi la probabilité pour un gène donné qu'il soit un nouvel 
immigrant. N est la taille efficace d'une population, c'est-à-dire le nombre d'individus d'une 
population idéale pour lequel on aurait un degré de dérive génétique équivalent à celui de la 
population réelle. A l'équilibre et en admettant que la taille de dèmes soit constante au cours du 
temps, le produit Nm représente donc bien la fraction attendue des gènes d'un dème qui sont de 
nouveaux immigrants. Le nombre de migrants Nm allant d'une population à une autre à chaque 
génération peut donc être estimé par: 
 
  
Le FST varie entre 0 et 1 et permet d'avoir une estimation des similitudes génétiques entre les 
populations à partir du polymorphisme génétique (le plus souvent issu de marqueurs nucléaires 
comme les microsatellites, provenant des deux parents). Si les populations sont panmictiques, 
c'est-à-dire qu'elles ne sont pas différentes génétiquement via le biais d'important flux de gènes 
entre les populations (peu d'effet de la dérive génétique), la valeur de FST est égale ou proche 
de 0. Plus les populations se distinguent génétiquement, plus le FST tendra vers 1 (populations 
complètement différentes). Wright (1978) propose de caractériser le degré de diversification 
FST
1
1 4Nm
Nm 1
4
1
FST
1
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génétique entre populations par les valeurs suivantes de l'indice FST : (0 à 0,05) diversification 
faible, (0,05 à 0,15) modérée, (0,15 à 0,25) importante, et au dessus de 0,25, très importante. 
Ainsi, il est possible de quantifier les réels flux de gènes échangés entre les populations grâce 
aux méthodes génétiques. Cette méthode permet également de mettre en évidence une 
dispersion biaisée par le sexe, où les valeurs de FST sont comparées entre les groupes de mâles 
et les groupes de femelles de chacune des populations étudiées (si la valeur de FST des mâles 
est supérieure à celui des femelles, cela signifie que les femelles effectuent plus de flux de 
gènes que les mâles). Une méthode similaire servant également de méthode d'identification de 
la dispersion biaisée par le sexe compare les valeurs de FST issues de différents marqueurs (FST 
issus de marqueurs nucléaires provenant des deux parents et FST issus de marqueurs 
mitochondriaux provenant de la mère uniquement). Si la différence des FST mitochondriaux est 
supérieure aux valeurs de FST issues des marqueurs nucléaires, une dispersion biaisée en faveur 
des mâles est mise en évidence. 
 
 Contrairement aux méthodes directes, les méthodes génétiques permettent d'obtenir des 
informations sur les événements de dispersion passés (sur plusieurs générations) et à grande 
échelle spatiale (Table 1.1). Cependant, les événements de dispersion présents (au moment de 
l'échantillonnage) ne sont pas pris en compte vu que les gènes n'ont pas eu le temps de passer 
d'une population à l'autre. Dans le cas de dégradations ou de fragmentations brutales de 
l'habitat par exemple, effectuer des analyses génétiques très rapidement ne permettra pas de 
mettre en évidence une diminution de la différenciation génétique entre deux populations 
(augmentation des taux de consanguinité) car il faut un certain temps pour que l'effet négatif de 
la dérive génétique vienne perturber la diversité génétique des populations.  
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Table 1.1. Comparaison des méthodes directes (capture-marque-recapture CMR ou radio-
tracking) et indirectes (méthodes génétiques) pour la mesure de la dispersion. 
 
Méthode directe  
(CMR et radio-tracking) 
Méthode indirecte (génétique) 
Type de dispersion mesurée 
Dispersion écologique et 
efficace (sans possibilité de les 
distinguer) 
Dispersion efficace 
Bénéfices 
Etudes à court et moyen 
terme, permet l'identification 
des individus en classes d'âge 
ou de sexe 
Peu fastidieuse, intègre l'information 
de tous les événements de dispersion 
(dans le temps et l'espace) 
Coûts Variable Important 
Nombre d'échantillonnages Plusieurs Un seul 
Main d'œuvre Importante Faible 
Biais 
Fastidieuse, étude biaisée en 
fonction de l'échelle spatiale 
d'étude 
Ne permet pas d'identifier l'âge des 
individus dispersants, méthode 
biaisé en fonction des taux de 
mutations des marqueurs 
moléculaires utilisés 
 
 Problématique générale et objectifs 
 
La dispersion est un facteur clé dans la persistance des (méta-)populations. L'objectif principal 
de cette thèse est de mieux comprendre les pressions qui agissent sur ce processus afin 
d'améliorer nos connaissances sur la dynamique des populations. Les capacités de dispersion 
des espèces sont d'une grande importance pour la diversité génétique, leur adaptation, leur 
survie et dans un contexte plus global, pour le maintien de la biodiversité, notamment dans un 
contexte de changement global.  
  
 Ce travail englobe un large panel de facteurs pouvant agir sur la dispersion, que se soit 
des facteurs internes (traits d'histoire de vie, sexe) ou externes (densité de populations, qualité 
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d'habitat, sexe ratio). Comprendre quelles sont les causes de la dispersion (notamment le sexe 
ratio, actuellement peu documenté dans la littérature) reste une question majeure pour la 
compréhension de ce phénomène. De plus, comprendre quelles sont les conséquences de la 
dispersion à différentes échelles spatiales et temporelles est également une question clé. Le but 
de cette thèse est de mettre en évidence certains effets responsables de la décision de 
dispersion.  
 
Pour ce faire, il faut dans un premier temps émettre les problèmes mis en évidence dans 
l'étude de la dispersion (Chapitre 2), notamment en termes d'échelles spatiales et temporelles. 
Le but de ce second chapitre est d'identifier grâce à un logiciel de modélisation de 
différenciations génétiques inter-populationnelles les effets de la dispersion sur la structure 
génétique de populations en fonction de différentes échelles spatiales. 
 
 Par la suite, le Chapitre 3 est consacré aux facteurs internes - et particulièrement aux 
traits d'histoire de vie - pouvant être liés aux capacités de dispersion. En effet, si l'on part du 
principe que la dispersion est un comportement qui peut être sélectionné, on peut s'attendre à 
ce que d'autres traits d'histoire de vie, en relation avec la dispersion, aient également été 
sélectionnés, montrant des corrélations (positives ou négatives) entre ces deux derniers. Dans 
un premier temps, nous avons testé les potentielles relations entre les capacités de dispersion de 
plusieurs espèces d'amphibiens (manuscrit 1) et plusieurs espèces de papillons (manuscrit 2) et 
leurs traits d'histoire de vie respectifs. Des corrélations très fortes entre les capacités de 
dispersion et les traits d'histoire de vie ont été trouvées chez ces deux groupes taxonomiques. 
Cependant, et contrairement à la plupart des études similaires trouvées dans la littérature, les 
traits d'histoire de vie choisis dans nos analyses ne font pas uniquement référence à la 
morphologie des espèces, et prennent également en compte leur biologie de la reproduction 
(taille des pontes, stratégie de reproduction...). Ce dernier résultat a permis de discuter de 
l'utilisation de la taille de l'aile chez les papillons comme proxy de la dispersion (en général, la 
taille du corps est utilisée comme proxy de la dispersion également chez les mammifères et les 
oiseaux), alors que nos analyses montrent des relations beaucoup plus fortes avec les traits 
d'histoire de vie des espèces (manuscrit 3). Dans les deux cas (amphibiens et papillons), et 
dans le but de contrer le manque crucial de données concernant la dispersion, nos résultats 
pourraient être utilisés afin de prédire les capacités de dispersion chez les espèces (notamment 
endémiques) pour lesquelles les données de dispersion ne sont pas disponibles, uniquement à 
partir de quelques uns de leurs traits d'histoire de vie. 
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 Le Chapitre 4 concerne toujours les facteurs internes, mais en particulier le sexe, 
pouvant influencer la dispersion. Nous avons éclaircit certains aspects de la dispersion biaisée 
par le sexe, où certains traits d'histoire de vie - pas uniquement liés aux systèmes de 
reproduction des espèces - étaient fortement corrélés à la direction du biais de dispersion 
(dispersion biaisée en faveur des mâles ou des femelles ; manuscrit 4). De plus, nous avons 
également mis en évidence des co-évolutions entre le biais de dispersion et certains traits 
d’histoire de vie à travers de nombreux groupes taxonomiques. Ce résultat nous a permis 
d’améliorer nos connaissances sur l’évolution de la dispersion, et d’identifier les facteurs qui 
agissent de façon différente sur les deux sexes. 
 
 Enfin, la décision de dispersion étant fortement impactée par les conditions 
environnementales et populationnelles (facteurs externes), le Chapitre 5 de cette thèse met en 
évidence l'effet combiné de la densité de population et de la qualité de l'habitat sur les 
décisions de dispersion chez une espèce de papillon en milieu semi-contrôlé (manuscrit 5). La 
deuxième partie de ce chapitre concerne directement l'impact de la densité de partenaires 
sexuels présent (le sexe ratio) sur la dispersion des mâles et des femelles en milieu semi-
contrôlé (manuscrit 6). Ce chapitre permet de mieux comprendre le rôle des interactions mâles-
femelles dans les décisions de dispersion chez chacun des deux sexes. 
 
 Enfin, le Chapitre 6 résume les principaux résultats de cette thèse, sous forme de 
discussion générale, afin d'apporter à la littérature actuelle de nouvelles informations 
concernant les facteurs influençant la dispersion.  
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Chapitre 2 : Limites des mesures de la dispersion 
Chapitre 2 
 
Les limites des mesures de la dispersion : mise en évidence 
des problèmes d'échelles spatiales et temporelles 
 
L'écosystème est un système complexe composé d'un ensemble d'interactions. En effet, les 
écosystèmes sont hétérogènes dans l'espace et dans le temps et plusieurs processus agissant au 
sein de l'écosystème (dynamique des populations et des communautés) sont sources 
d'hétérogénéité (Kolasa & Pickett 1991; Peterson & Parker 1998). Cette hétérogénéité 
écologique est fondamentale dans la structure et le fonctionnement des écosystèmes (Levin 
1992). Elle s'organise le long d'un continuum d'échelles spatiales, temporelles et 
fonctionnelles. De ce fait, la dynamique des écosystèmes qui en résulte est caractérisée par une 
variabilité spatio-temporelle. La compréhension de l'hétérogénéité écologique ainsi que des 
variations spatio-temporelles des dynamiques des populations, communautés et écosystèmes 
est devenue cruciale pour notre connaissance sur le fonctionnement des écosystèmes, 
notamment face aux changements globaux. 
 
 L'étude spatio-temporelle des processus écologiques est devenue un sujet courant de 
recherche (Currie et al. 1998; Legendre et al. 1997; Roman et al. 2001) car il est maintenant 
reconnu en écologie que la stratégie idéale afin de bien comprendre les processus écologiques 
est de considérer à plus d’une échelle spatiale les mécanismes qui s’y rattachent. Comme les 
processus écologiques sont des phénomènes échelle-dépendants (Schneider 1994; Wiens 
1989), l'étude des patrons de variabilité spatiale dépend donc de l'échelle d'observation 
(Dungan et al. 2002; Legendre et al. 1997; Levin 1992). De plus, il est important de noter que 
des propriétés écologiques différentes peuvent apparaitre à différentes échelles d'observation 
(Allen & Hoekstra 1991; Mackas et al. 1980; Wiens 1989). En effet, plusieurs études 
(notamment chez les oiseaux), ont montré que des facteurs influençant l’utilisation d’un habitat 
à une échelle donnée n’ont pas nécessairement le même effet à d’autres échelles (Böhning-
Gaese et al. 1993; Pribil & Picman 1997; Steele 1992). Par exemple, des phénomènes corrélés 
positivement à une échelle peuvent être corrélés négativement à une autre (Allen & Hoekstra 
1991; Mackas et al. 1980; Wiens 1989; exemple de la dynamique proie-prédateur: Fiedeler 
1983; Rose & Leggett 1990). Ces observations dépendent d'une part des individus eux-mêmes, 
qui utilisent l'environnement à des échelles spatiales et temporelles spécifiques (Fig. 2.1; 
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Legendre et al. 1986; Levin 1992), et d'autre part, des processus écologiques qui varient en 
fonction de l'échelle spatiale (Legendre & Demers 1984; Pinel-Alloul 1995).  
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Figure 2.1. Echelles auxquelles la variabilité spatio-temporelle du phytoplancton (P), du 
zooplancton (Z) et des poissons (F) peut être observée (d'après Avois-Jacquet 2002, modifié 
d'après Steele 1978). 
  
 Les processus écologiques ainsi que la réponse des individus face à l'hétérogénéité 
spatiale varient donc en fonction des échelles. Il est donc évident qu'il n'existe pas une seule 
échelle à laquelle nous pouvons décrire la structure ainsi que la dynamique des populations 
(incluant l'étude de la dispersion), communautés et écosystèmes (Wiens 1989; Levin 1992) et 
que la prise en compte d'une seule échelle dans l'étude de ces processus écologiques peut 
mener à des erreurs quantitatives et d'interprétation (Allen & Hoekstra 1991; Ricklefs 1987). 
Par conséquent, la perception et l'étude de la variabilité écologique amène à un nouveau 
concept : l'échelle. L'échelle est donc une composante intrinsèque de l'hétérogénéité écologique 
(Dutilleul 1998). Ainsi, en plus de prendre en compte l'hétérogénéité spatiale, il devient 
essentiel de considérer l'échelle spatiale.  
 
 Etat des lieux des connaissances sur la dispersion 
 
La démographie des populations de vertébrés est gouvernée d'une part par des processus 
opérant à large échelles spatiales, et d'autre part par des processus agissant à échelle locale. 
Plusieurs études récentes suggèrent que différents processus écologiques pourraient influencer 
de façon différente la coexistence d'espèces et la persistance de communautés en fonction des 
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échelles spatiales (Bond & Chase 2002; Chase & Leibold 2002; Gering & Crist 2002; 
Gonzalez et al. 1998; Maurer & Taper 2002). Une des raisons pouvant expliquer ces différents 
impacts sur la diversité serait une interaction entre les influences de deux processus majeurs : 
les interactions interspécifiques (comme la compétition ou la prédation), définies comme étant 
un processus local, et la dispersion des individus à travers les communautés locales, définit 
comme un processus régional (Hillebrand & Blenckner 2002; Ricklefs 1987; Shurin & Allen 
2001; Srivastava 1999). Cependant, et malgré l'importance cruciale de la dispersion pour la 
persistance des (méta-) populations, un manque important de connaissances sur les effets de ce 
processus sur la diversité à différentes échelles spatiales se fait ressentir. La dispersion peut 
avoir un effet positif ou un effet négatif sur la diversité. Par exemple, la dispersion peut 
augmenter la diversité des espèces locales grâce à l'effet sauvetage (où des migrants d'autres 
populations vont arriver dans des patchs d'habitats vacants, ré-établissant de nouvelles 
populations ; Brown & Kodric-Brown 1977; Hanski 1999) et à l'effet source-puits (où l'arrivée 
d'immigrants supplémentaires va permettre de renforcer les populations locales, limitant ainsi 
la décroissance de ces populations; appelé aussi effet de masse ; Amarasekare & Nisbet 2001; 
Loreau & Mouquet 1999; Pulliam 1988; Schmida & Ellner 1984). D'un autre côté, la 
dispersion peut aussi avoir un effet négatif sur la diversité locale en réduisant les effets des 
refuges spatiaux, ou par exemple des habitats subdivisés agissant comme des refuges pour 
certaines espèces seraient compétitivement inférieurs ou hautement vulnérable à la prédation 
(Chesson 2000; Hastings 1980; Holyoak & Lawler 1996; Horn & MacArthur 1972; Kneitel & 
Miller 2003). Les bénéfices de la dispersion pourraient également varier en fonction de 
l'échelle spatiale (Muller-Landau et al. 2003; Ronce et al. 2001; Rousset & Gandon 2002). Par 
exemple, les distances de dispersion nécessaires pour l'évitement de la consanguinité sont 
susceptibles d'être différentes de la distance à effectuer pour éviter la compétition pour les 
ressources. Malgré les difficultés de mettre en place des études de la dispersion à différentes 
échelles et malgré le fait que la dispersion soit généralement étudiée à une seule échelle 
spatiale - même si ce processus agit à différentes échelles - quelques études ont malgré tout mis 
en évidence des comportements de dispersion différents en fonction de l'échelle spatiale 
d'étude (Hansson et al.  2002; Orians & Wittenberger 1991; Tenhumberg et al. 2001).  
 
 Les causes et les conséquences de la dispersion vont donc dépendre de l'échelle spatiale 
à laquelle elle est étudiée, et également de l'échelle spatiale à laquelle la diversité sera 
observée, ainsi que l'interaction entre ces deux dernières. En d'autres termes, du fait des 
variabilités spatio-temporelles rencontrées, une étude portant sur la dispersion à une seule 
échelle spatio-temporelle permettra d'observer une partie du processus en court, mais ne sera 
30
Chapitre 2 : Limites des mesures de la dispersion 
pas comparable à une autre étude, car l'échelle d'étude ne sera pas la même. En plus de la 
difficulté d'étudier la dispersion dans un continuum espace-temps, mesurer ce processus in 
natura demande un important effort financier et humain, engendrant une seconde difficulté 
pour l'étude de ce comportement. 
 
 
 Mesurer la dispersion : biais et limites 
 
Mesurer les capacités de dispersion des espèces peut être un vrai challenge. En effet, d'après 
Nathan (2001), la dispersion n'est pas prédictible dans l'espace et le temps, et les mesures des 
mouvements entre populations locales peuvent être biaisées par les limites d'échelles spatiales 
des sites d'étude (e.g. Franzen & Nilsson 2007; Schneider 2003). 
 
• Les limites des mesures de dispersion issues des méthodes de marquages 
individuels : capture-marquage-recapture et radio-tracking 
  
Les échelles dans lesquelles les espèces perçoivent la variabilité environnementale peuvent 
varier selon l’espèce considérée (Baker et al. 1995, Turner et al. 2001). Par exemple, il est fort 
probable que l’échelle de perception d’un orignal (Alces alces) soit fortement différente de 
celle d’une mésange à tête noire (Poecile atricapillus) ou d’une musaraigne cendrée (Sorex 
cinereus) en raison, entre autre, de leurs capacités de déplacement respectives. Altmoos & 
Henle (2010) montrent un exemple des échelles perçues par deux groupes d'espèces (chez les 
amphibiens avec la rainette verte Hyla arborea et chez les sauterelles ; Fig. 2.2). Par exemple 
dans le cas des amphibiens, la micro-échelle est une surface d'un rayon de 5 mètres autour du 
site de chant du mâle. La méso-échelle est l'échelle de la mare totale et la macro-échelle 
représente l'aire autour de la mare, avec un rayon compris entre 300 mètres et 3 km, zone qui 
comprend la moyenne des capacités de dispersion chez les amphibiens. Des événements de 
dispersion peuvent donc survenir à l'intérieur et entre ces trois échelles spatiales. Les 
estimations des capacités de dispersion (écologique) peuvent donc dans certains cas être 
biaisées, si l'échelle d'étude ne tient pas compte de l'échelle à laquelle l'espèce considérée 
perçoit son environnement. 
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Echelles spatiales
Applications aux 
sauterelles
Applications aux amphibiens 
(mares de reproduction)
Echelle 1 – Micro-échelle
Autour du 
site de chant 
d’un individu
Autour de la 
place actuelle 
d’un individu
Echelle 2 – Méso-échelle
Mare
Echelle 3 – Aire
Zone tampon 
autour de la mare
Paysage 
environnant
 
Figure 2.2. Différents niveaux d'échelles spatiales chez les amphibiens (à gauche) et chez les 
sauterelles (à droite). D'après Altoos & Henle (2010). 
   
 Cependant, même si des relations entre traits d'histoire de vie (notamment la taille et le 
poids du corps) et capacités de dispersion ont été identifiées (voir Chapitre 3), toutes les 
espèces ne sont pas égales face à leur capacités de dispersion. En d'autres termes, une espèce 
de grande taille ne va pas toujours disperser plus loin qu'une espèce de petite taille. Par 
exemple chez les espèces sédentaires (stratégie "résident" telle que les espèces ayant un 
domaine vital ou un territoire), la dispersion à longue distance est souvent limitée aux 
événements de dispersion natale. Ces espèces englobent généralement des espèces ayant un 
stade de dormance ou d'hibernation durant leur cycle de vie (de nombreuses espèces d'ours), et 
sont souvent situées dans des habitats où les ressources sont suffisamment abondantes tout au 
long de l'année (Mueller & Fagan 2008; Fig. 2.3). Chez ces espèces, où la répartition des 
individus tout le long de leur vie sera comprise dans une zone relativement limitée par rapport 
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à la distribution de la population (Roshier & Reid 2003), les habitats où les ressources ont une 
faible variabilité seraient préférés (Mueller & Fagan 2008). De ce fait, les relations sociales 
chez ces espèces semblent être un facteur majeur dans leur décision de dispersion. 
Parallèlement aux espèces sédentaires, les espèces migratrices montrent souvent des 
déplacements à longue distance et relativement réguliers. Ces espèces sont souvent trouvées 
dans des habitats où des fluctuations saisonnières (Sinclair 1983; Dingle & Drake 2007) et 
régulières (Mueller & Fagan 2008; Fig. 2.3) existent. Les espèces migratrices peuvent faire des 
déplacements à longue distance à chaque saison de reproduction par exemple. Lorsque les 
espèces ne sont ni sédentaires ni migratrices, elles sont dites nomades  (Mueller & Fagan 
2008). Ces espèces se déplacent à travers le paysage de manière aléatoire, et les mouvements 
de mobilité ne sont ni répétés ni gouvernés par les saisons de reproduction (Mueller & Fagan 
2008). Cette catégorie d'espèces (et de mouvements) se rencontre généralement lorsque les 
ressources des habitats fluctuent de manière irrégulière sur une échelle de temps de plusieurs 
années à travers de larges échelle spatiales (Fig. 2.3 et Fig. 2.4). Dans ce genre de cas, il est 
totalement impossible de prédire l'endroit où sera l'individu d'une année à l'autre, contrairement 
aux espèces sédentaires (en dehors des événements de dispersion natale) et migratrices.  
 
Figure 2.3. Patrons théoriques des points et des trajectoires en fonction de la distribution de 
populations d'espèces (A) sédentaires, (B) migratrices et (C) sédentaires et migratrices, (D) 
nomades de type I, (E) nomades de  type II (d'après Mueller & Fagan 2008).  
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Figure 2.4. Effets des gradients de distribution des ressources et prédictions sur les hypothèses 
de mécanismes de mouvements à l'échelle individuelle (en italique) et sur les hypothèses de 
patrons de mobilité à l'échelle de la population (ovales gris) concernant la dynamique des 
paysages montrant de la variabilité au niveau des ressources (d'après Mueller & Fagan 2008). 
 
 Une des premières informations à recueillir pour faire des suivis de populations est 
donc de connaitre la relation liant les individus avec leur habitat, à savoir quelle stratégie de 
mobilité l'espèce a développé (sédentaire, migratrice ou nomade). D'un point de vue plus 
technique, l'identification individuelle (par photo-identification par exemple) ou le marquage 
d'individus in natura (par injection de puces électroniques par exemple) n'est pas toujours 
évident (notamment le marquage de juvéniles d'amphibiens, qui sont les protagonistes de la 
dispersion dans ce groupe taxonomique). Les suivis individuels sont souvent fastidieux, et se 
font généralement à court ou à moyen terme, du fait d'un important effort humain et financier. 
Smith & Green (2005) recommandent également de prendre un site d'étude relativement large 
afin de s'assurer que les distances de mobilité mesurées seront les moins biaisées possibles, et 
également de mesurer des dispersions à longue distance. Il semble évident qu'un site d'étude de 
petite taille ne pourra pas mesurer de grandes distances de mobilité des individus marqués. De 
plus, et à cause de la rareté des événements de  dispersion à longue distance, Smith & Green 
(2005) préconisent de marquer un nombre important d'individus, nécessaire pour avoir une 
idée globale et pertinente de la proportion d'individus dispersants dans une population (en 
prenant également en compte le pourcentage de non recaptures).  
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 Cette dernière recommandation met également en évidence les problèmes liés à des 
taux de survie estimés pendant les suivis de type capture-marquage-recapture engendrant 
souvent des taux de dispersion biaisés. En effet, les taux de survie sont également soumis à des 
variations spatio-temporelles et à des variations en fonction de l'âge des individus (les taux de 
survie des jeunes seront différents de ceux des adultes). De plus, ils sont influencés par de 
nombreux facteurs tels que la prédation, la compétition, les maladies, ou encore la qualité 
d'habitat. Lors d'un suivi CMR en milieu ouvert, un des problèmes majeurs concerne 
l'estimation du taux de dispersion de la population étudiée. La recapture d'un individu dans un 
site différent de celui où il a été capturé la première fois indique que l'individu s'est déplacé 
dans la zone du site d'étude (i.e. individu dispersant). Par contre, lorsque les individus ne sont 
pas recapturés, plusieurs hypothèses peuvent être faites : (1) l'individu est mort, (2) l'individu a 
dispersé en dehors de la zone d'étude ou (3) l'individu n'a pas été recapturé (du à une 
probabilité de recapture toujours inférieure à 100%). Le taux d'individus dispersants de la 
population étudiée se retrouve ainsi biaisé, notamment à cause du taux de survie de la 
population. Une des solutions permettant de limiter les problèmes liés aux variations spatio-
temporelles impactant les estimations des taux de survie est de suivre les populations à des 
échelles de multi-populations (i.e. combinaison de plusieurs études de CMR sur plusieurs types 
d'habitats par exemple; Grosbois et al. 2009). En utilisant des statistiques appropriées à de 
telles bases de données, l'étude de la dynamique des populations à l'échelle des multi-
populations est particulièrement intéressante pour deux raisons. Premièrement, le nombre de 
données disponibles pour l'information de la variation temporelle de la survie augmente. 
Deuxièmement, l'utilisation de base de données à l'échelle des multi-populations permet 
d'obtenir des informations sur la variation géographique (en relation avec des facteurs 
environnementaux) des populations étudiées et de potentiellement faire des prédictions 
concernant l'impact des changements globaux sur les changements d'abondance des espèces à 
travers leur aire de distribution (Grosbois et al. 2008). Cette méthode permet donc de réduire le 
biais lié à la variation temporelle des taux de survie et donc de limiter les biais liés aux 
estimations des taux de dispersion (Grosbois et al. 2008). Grosbois et al. (2008) sont 
convaincus que l'investigation de suivis de populations à l'échelle des multi-populations voire à 
l'échelle multi-espèces permettrait d'améliorer fortement notre connaissance sur les processus 
démographiques, notamment concernant l'influence des facteurs climatiques sur ces 
mécanismes. Cependant, peu d'études ont mis en place des suivis individuels à l'échelle des 
multi-populations. Une des raisons majeures à ce manque d'études provient de la difficulté de 
maintenir pendant une période donnée des suivis simultanés de populations, permettant 
d'obtenir des informations détaillées à l'échelle de l'individu mais demandant une forte main 
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d'œuvre (Schwarz & Seber 1999; Pollock 2000). Une autre solution afin de combler le manque 
d'informations (lié aux taux de survie) issues des suivis en milieu ouvert est l'étude et le suivi 
des individus en milieu expérimental (milieu fermé) devenant alors cruciale pour une meilleure 
compréhension des dynamiques de populations.  
 
• Les limites des mesures de dispersion issues des méthodes génétiques 
 
Les limites des méthodes génétiques pour estimer les capacités de dispersion proviennent 
majoritairement des marqueurs utilisés. Prugnolle & de Meeus (2002) insistent sur le fait que 
les résultats obtenus par méthodes génétiques doivent être interprétés avec prudence. En effet, 
les différences observées en termes de structures génétiques entre différents marqueurs peuvent 
être la conséquence de taux de mutation et/ou de tailles de population efficaces différents. En 
effet, le taux de mutation intervient dans le degré de différenciation entre plusieurs populations. 
Dans un contexte de modèle en îles (voir plus haut), la valeur de FST à l'équilibre est égale à : 
 
pour des systèmes diploïdes:  
 
pour des systèmes haploïdes:  
 
 
où N est la taille efficace de population, m le taux de migration entre les populations et µ le 
taux de mutation du marqueur génétique utilisé. Le taux de mutation peut varier 
considérablement d'un marqueur à l'autre (Prugnolle & de Meeus 2002; Balloux et al. 2000) et 
ainsi influencer la différenciation génétique observée entre les populations. D'autre part, la 
taille efficace de population peut également impacter la différenciation génétique entre 
populations. Dans les systèmes haploïdes, la taille efficace de population est souvent 4 fois 
moins élevée que dans les systèmes diploïdes chez les espèces gonochoriques (Seielstad et al. 
1998). Cependant, Chesser & Baker (1996) ont montré que cette estimation était généralement 
erronée dans les populations naturelles, du fait d'une violation de l'hypothèse panmictique. De 
plus, la taille efficace de population dépend de la distribution de la diversité génétique à travers 
les sous-populations, qui est elle-même fonction des caractéristiques spécifique de 
reproduction (polygamie vs monogamie, taille du groupe de reproduction, etc...) et de la survie 
des descendants.  
 
FST
1
1 4N m µ
FST
1
1 N m µ
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 L'estimation des différenciations génétiques entre populations peut être réalisée grâce 
entres autres au calcul du FST  de Wright (1951). Le FST de Wright est un indice montrant l'écart 
des populations étudiées par rapport à l'équilibre d'Hardy-Weinberg. La notion d'équilibre dans 
le modèle de Hardy-Weinberg est soumise aux hypothèses/conditions suivantes: (1) la 
population est panmictique (les couples se forment au hasard - panmixie - et leurs gamètes se 
rencontrent au hasard - pangamie); (2) la population est infinie (très grande, pour minimiser les 
variations d'échantillonnage); (3) il ne doit y avoir ni sélection, ni mutation, ni migration (pas 
de perte ou de gain d'allèles) et (4) les générations successives doivent être discrètes (pas de 
croisement entre générations différentes, sous-entend pas de générations chevauchantes). Si 
une population n'est pas panmictique (pas conforme à l'équilibre d'Hardy-Weinberg), l'écart à 
la panmixie peut être considéré comme de la consanguinité, d'où le terme de coefficient de 
consanguinité pour Le FST de Wright.  
 
 Le FST de Wright est pertinent dans l'étude de la dispersion car il nous informe sur le 
nombre de migrants efficaces par génération grâce au produit Nm (taille efficace de la 
population * taux de migration). Toutes les conditions de l'équilibre d'Hardy-Weinberg ne se 
retrouvent presque jamais dans les populations naturelles, ce qui engendre un biais du FST de 
Wright à cause de plusieurs raisons. Le calcul de cette valeur sous-entend que l'espèce 
considérée effectue des générations non-chevauchantes (les individus de chaque génération 
meurent avant la naissance des membres de la génération suivante), c'est-à-dire que les 
estimations de migrants efficaces entre générations seront biaisées dans le cas d'espèce 
effectuant plusieurs générations par an et pouvant se chevaucher. Le calcul du FST de Wright 
suggère également que pendant la reproduction, les croisements d'effectuent au hasard pour les 
génotypes considérés. Cela ne prend donc pas en compte l'influence des régimes de 
reproduction (autogamie: chaque individu se reproduit par autofécondation; homogamie: les 
unions se font entre individus phénotypiquement semblables; hétérogamie: les unions se font 
entre individus phénotypiquement dissemblables) sur le niveau de consanguinité entre les 
populations et de ce fait, sur la structure génotypique des individus.  
 
 D'un point de vue plus technique, les méthodes indirectes pour l'estimation de la 
dispersion efficace sont peut invasives, et nécessitent un seul échantillonnage par rapport aux 
méthodes directes (CMR et radio-tracking). De plus, elles intègrent toute l'information de tous 
les événements de dispersion (dans l'espace et le temps). Cependant, l'information concernant 
l'âge à la dispersion n'est pas disponible, on ne peut donc pas identifier les acteurs (souvent les 
juvéniles) de la dispersion chez l'espèce considérée. De plus, même si ces méthodes sont moins 
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contraignantes en temps et en main d'œuvre que les suivis CMR et de radio-tracking, le coût de 
la biologie moléculaire est relativement élevé, et les analyses nécessitent la mise au point de 
marqueurs moléculaires fiables (voir Chapitre 7). 
 
 Etudier la dispersion à différentes échelles : alternatives aux 
observations de terrain 
 
Afin de contrer les difficultés observées sur le terrain pour étudier la dispersion à différentes 
échelles spatiales, plusieurs alternatives ont récemment été mises en évidence. L'utilisation de 
microcosmes microbiens en milieu contrôlé a déjà fait ses preuves en tant que modèle 
empirique (Cadotte et al. 2005; Drake et al. 1996; Jessup et al. 2004; Morin 1998). L'étude de 
Cadotte & Tadashi (2005) a montré un effet négatif, positif et non significatif de la dispersion 
sur la richesse spécifique en fonction de l'échelle d'étude. A l'échelle locale, la dispersion a un 
effet positif surtout durant les premiers stades de l'expérience, mais cet effet a rapidement 
disparu. Au contraire, à l'échelle des métacommunautés et du paysage, la dispersion n'a pas 
influencé la richesse spécifique durant les premiers stades de l'expérience, mais a montré un 
fort impact négatif par la suite et ce, pendant une longue période. Ces différences d'impacts 
sont expliquées par des effets de la dispersion dépendant des échelles spatiales et temporelles, 
permettant d'une part la propagation d'espèces et d'autre part, éliminant les refuges spatiaux 
contre les prédateurs.  
 
 Parallèlement à l'étude en microcosmes, plusieurs modèles ont été développés afin de 
bien comprendre l'effet de la dispersion à différentes échelles spatiales et temporelles (Fahrig 
1992; Paradis 1998). Dans ce chapitre, un logiciel de simulation de diversité génétique 
(SPLATCHE, Currat et al. 2004), basé sur le principe de la coalescence, sera utilisé. Le but de 
ces simulations est de mieux comprendre l'impact de la dispersion sur la diversité génétique de 
populations à différentes échelles.  
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 Utilisation d'un logiciel de simulation génétique (SPLATCHE) à 
différentes échelles spatiales et temporelles 
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Policy Summary 
 
At the international scale, human activities hugely impact biodiversity (Hanski 2005). Over the 
last five decades, the increasing of urban development and road network in Europe profoundly 
affected the structure and the spatial organization of landscapes, ecosystems and "natural 
environments" (e.g. Barbault & Chevassus-au-Louis 2004). France has been particularly 
impacted by this phenomenon: 59% of its territory is in agricultural lands (the 8th largest in 
Europe; Desriers 2007) whereas the natural protected areas represented less than 3% of the 
territory (www.tela-botanica.org). Moreover, the artificial growing area is another 
encroachment on natural environment. Nowadays, the French road network is more than 1 000 
000 km of roads, corresponding to 1.2% of the French territory.  
 
 In this way, the terrestrial environments have brutally changed in the last fifty years in 
Europe. These disturbances have severe repercussions on populations, especially in 
amphibians. The metapopulation functioning is provided by a set of structured populations 
spatially, consisting of separate units, separated by space or insurmountable barriers, and 
connected by dispersal movements (Opdam 1991). The dynamics of the metapopulation (i.e. 
the dispersal decision) is influenced by various factors such as the area occupied and habitat 
quality, accessibility resources, the roughness of the landscape, etc (Clobert et al. 2001). 
Hence, habitat connectivity plays a major role in the viability of regional populations (Bowne 
& Bowers 2004) because this connectivity is essential to ensure the dispersal of juveniles, who 
are guarantors of the exchange between populations (eg. Rothermel 2004). These exchanges 
could induce gene flow and counterbalance the negative effect of the genetic drift. Habitat 
fragmentation (for instance induced by road building) is known to be an important threat for 
population viability because it could reduce the population size (Cushman 2006; Fahrig 2003) 
and generate real barriers to the dispersal of young and adults (Cushman 2006). Doing so, it 
may cause isolation of populations (Reh & Seitz 1990) inducing genetic impoverishment in the 
absence of genetic exchange (Dodd & Smith 2003; Reh & Seitz 1990) and increasing the risk 
of local extinction (Sjögren-Gulve 1994).  
 
 Doing so, the habitat fragmentation can induce severe repercussion on genetic structure 
of populations. We studied here this effect, and other aspects of environmental changes, at 
different spatial and temporal scales using software of genetic diversity simulation 
(SPLATCHE). Based on a future highway building in France, we found that habitat 
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fragmentation played a major role in genetic structure, at the local and regional scale. Hence, a 
road building at the local scale can induce genetic diversity change even at the regional scale. 
We then performed several scenarios of spatial structure change in a virtual landscape and we 
found that a increasing of favourable patch size, the establishments of corridors between 
patches and a different shape of patch have significant impact on the genetic structure of 
populations. Moreover, a species with high dispersal ability (i.e. migration rate) should be less 
impacted by habitat fragmentation. We did not find any significant difference when the 
population size changed. Finally, we then include sex in order to study the impact of sex-biased 
dispersal on the genetic structure of populations of different sizes. These results will give a 
comprehensive insight into metapopulation functioning. 
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1. Effects of species traits on genetic diversity in a fragmented 
landscape 
 
 1.1. Introduction 
 
Dispersal (defined as movements between habitat patches inducing gene flow; Ronce 2007) is 
a crucial process in the persistence of the (meta-) populations. Dispersal allows decreasing the 
negative impact of the genetic drift between populations, decreasing the inbreeding rate and the 
extinction rate within populations. Despite the importance of dispersal in the persistence of 
populations (and in this way in populations/species conservation), the knowledge about its 
causes and its consequences are quite rare. Habitat matrix and habitat connectivity are major 
factors impacting dispersal, as well as the individual characteristics (as sex or life-histories; 
Clobert et al. 2009). Landscape organization could severely impact the dispersal if for example 
habitat patches are not connected, or if the habitat matrix is unfavourable to individual 
movements. Habitat fragmentation is known to be an important threat for population viability 
because it could reduce the population size (Cushman 2006; Fahrig 2003) and generate real 
barriers to the dispersal of young and adults (Cushman 2006). Doing so, it may cause isolation 
of populations (Reh & Seitz 1990) inducing genetic impoverishment in the absence of genetic 
exchange (Dodd & Smith 2003; Reh & Seitz 1990) and increasing the risk of local extinction 
(Sjögren-Gulve 1994).  
 
 Using a software of genetic differentiation (SPLATCHE, Currat et al. 2004), we 
proposed here to simulate several landscape scenarios in order to observe the impact of each 
landscape paramater on the genetic structure of populations (so on the dispersal abilities) as the 
carrying capacity or the friction coefficient. We also performed an analysis of robustness of the 
SPLATCHE software using real data from several publications, especially in amphibians 
populations.  
 
 1.2.  Method 
 
  1.2.1. Introduction to the SPLATCHE program 
 
SPLATCHE (SPatiaL And Temporal Coalescences in Heterogeneous Environments) is a 
software developed to simulate genetic diversity in a meta-population undergoing a range 
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expansion (Ray et al. 2003; Currat et al. 2004). The simulations are based on a two-phase 
process: the forward and the backward (coalescent) steps. The first phase consists in simulating 
forward in time of a two dimensional stepping stone (Kimura & Weiss 1964) from a landscape 
matrix. Each deme (i.e. each cell of the matrix) exchanges migrants with its four neighbours 
depending on three parameters: the carrying capacity (the number of individuals that can be 
sustained by local resources within a deme), the migration rates (the per-generation 
probability of an individual to move out of a deme) and the friction (the relative ease to move 
into a deme). These 3 parameters can be changed during the simulation process (such as recent 
human induced fragmentation of the habitat; Quemere et al. 2010), and each demes can have 
these 3 parameters different from its four neighbours. In this way, we can build heterogeneous 
landscapes (Fig. 1), with "favourable" demes (low friction, high carrying capacity) and 
"unfavourable" demes (high friction, low carrying capacity; i.e. mountains or roads).  
 
1 = Cities 2 = Plains 3 = Forests
4 = Pins forests 5 = Shrubs
Raster file ASCII file
 
 
Figure 1. The SPLATCHE program: the landscape building process. A raster file is converted 
in a ASCII file (compatible file with SPLATCHE). Each cell of the raster file is converted to 
deme in the ASCII file. Each number included in the demes refer to a specific habitat (as cities 
or plains for instance) and is associated with specific friction, migration rate and carrying 
capacity. 
  
 Genes can be sampled in any number and in any demes of the simulated world, and 
therefore at different spatial scales (within deme, within nearby demes -a patch-, or at very 
remote locations). The genetic markers simulated can be outputted in text files in 
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ARLEQUIN/ARLSUMSTAT format (Excoffier & Lischer 2010) so that the genetic diversity 
can be monitored at any of such scales level.  
 
  1.2.2. Variation of the SPLATCHE's parameters 
 
Different parameters are necessary to the SPLATCHE running: a landscape matrix (real or 
virtual, with each demes associated to friction, carrying capacity and migration rate related to 
the species used). This step suggests a well knowledge about the favourable and unfavourable 
habitats used by the species concerned; several species traits (migration rate, mutation rate, 
growth rate, geographical coordinates for each population sampled and population's density) 
have to be informed. In order to study the effects of each parameter on the genetic diversity, we 
chose to use a virtual fixed landscape in SPLATCHE (Fig. 2). This virtual landscape has two 
habitat types:  favourable habitat demes (in green in Fig. 2; friction = 0.1 and carrying capacity 
= 500) and unfavourable habitat demes (in orange in Fig. 2: friction = 0.5 and carrying 
capacity = 100). The deme size was fixed to 600x600 m² (corresponding to the mean mobility 
ability in amphibians; Smith & Green 2005) and the number of generation during the 
simulation was fixed to 1000 by simulation.  
Defavourable habitat
Friction = 0.5
Carrying capacity = 100
Favourable habitat
Friction = 0.1
Carrying capacity = 500
 
 
Figure 2: Details of the virtual landscape used in order to observe the impacts of the 
parameter's variations on the genetic diversity using the SPLATCHE program. The favourable 
habitats are represented in green and the unfavourable matrix is represented in orange.  
 
46
Chapitre 2 : Limites des mesures de la dispersion 
 We changed all parameters (Table 1) in order to see their impact on the genetic 
diversity. For each scenario, we performed 30 simulations for statistical reasons. As genetic 
differentiation index, we chose to keep the FST (Wright 1951). The FST is a measure of the 
genetic differentiation between populations; a low FST suggests high gene flow between 
populations because the genetic differentiation between them is low; a high FST suggests low 
gene flow (maybe due to habitat fragmentation) between populations because the populations 
tend to be genetically different. We then collected all FST values from all simulations and study 
the impacts of each variable (i.e. each parameter; increasing or decreasing the FST) on the 
genetic diversity using generalized linear models (GLM).  
 
Table 1. Variations of (1) the different parameters of the SPLATCHE software and (2) the 
spatial structure of the virtual landscape used. 
Scenarios Landscape parameter Habitat Variation amplitude 
Variations of the different parameters 
S1 Friction Favourable From 0.1 to 0.9 with 0.01 steps 
S2 Friction Unfavourable From 0.1 to 0.9 with 0.01 steps 
S3 Carrying capacity Favourable From 500 to 10 with 10 steps 
S4 Carrying capacity Unfavourable From 500 to 10 with 10 steps 
S5 
Friction (1) and Carrying 
capacity (2) 
Favourable 
(1) from 0.98 to 0.02 with 0.02 steps 
and (2) from 20 to 500 with 10 steps 
S6 
Friction (1) and Carrying 
capacity (2) 
Unfavourable 
(1) from 0.98 to 0.02 with 0.02 steps 
and (2) from 20 to 500 with 10 steps 
S7 Migration rate - From 0.025 to 0.975 with 0.025 steps 
S8 Population size - From 10 to 5000 
Modification of the spatial structure of the virtual landscape 
S9 Distance between patches Favourable From 5 to 50km avec 5km steps 
S10 Patch size Favourable 
From 2x2 km to 20x20 km with 2x2 km 
steps 
S11 Shape size Favourable 
Circle, triangle, oval, hexagonal, 
vertically elongated, horizontally 
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elongated, diamond 
S12 Deme size - 
From 350x350 m to 1000x1000 m with 
50x50 m steps 
S13 
Corridors establishments 
and width variation 
Favourable From 2km to 18km with 2km steps 
 
  1.2.3. Robustness test of the SPLATCHE program 
 
We performed an analysis about the SPLATCHE program's robustness. We collected 16 
publications about genetic in amphibian populations (several species; see Table 2). For each 
paper, the map of the study site, the coordinates of each sampled population and information's 
about the species studied were available. All landscape matrixes were created from the Corine 
Land Cover map available in GIS format (from EEA 2010). Each deme of the matrix were 
fixed to 600x600 m² corresponding to the mean dispersal abilities in amphibians (Smith & 
Green 2005). Each parameter (friction, carrying capacity and migration rate) were included in 
SPLATCHE depending on the species used and its habitat specificities. Migration rates were 
not available but we chose to fixe them to 0.05 for urodels and 0.2 for anurans depending on 
their dispersal and migration abilities (see Table 2 and Fig. 3; Smith & Green 2005). 
 
Table 2. Summary of the information's collected in the 16 publications about amphibian 
populations genetic. FST expected refers to FST from the literature. Migration rates were fixed to 
0.2 for urodels and to 0.4 for anurans. 
 
References 
Scale of 
the study 
Species 
Number of 
sampled 
populations 
Migration 
rate fixed 
FST 
expected 
Bonin et al. 2006 Local Rana temporaria 6 0.2 0.13 
Dubey et al. 2009 Local Hyla arborea 8 0.2 0.05 
Lecis & Norris 2004 Local 
Euproctus 
platycephalus 
8 0.05 0.38 
Emaresi et al. 2011 Local 
Mesotriton 
alpestris 
19 0.05 0.05 
Knopp et al. 2008 Local Rana arvalis 2 0.2 0.03 
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Caspers et al. 2009 Local 
Salamandra 
salamandra 
3 0.05 0.50 
Eleftherakos et al. 2007 Local 
Lyciasalamandra 
helverseni 
6 0.05 0.63 
Knopp et al. 2007 Regional Rana arvalis 9 0.2 0.23 
Karakousis  & 
Kyriakopoulou-Sklavounou 
1995 
Regional Bufo viridis 5 0.2 0.08 
Palo et al. 2003 Regional Rana temporaria 8 0.2 0.24 
Knopp & Merilä 2009 Regional Rana arvalis 16 0.2 0.14 
Knopp & Merilä 2009 Regional Rana temporaria 16 0.2 0.21 
Sotiropoulos et al. 2008 Regional 
Mesotriton 
alpestris 
11 0.05 0.34 
Alexandrino et al. 2000 Regional 
Chioglossa 
lusitanica 
17 0.05 0.68 
Allentoft et al. 2009 Regional Bufo calamita 12 0.2 0.29 
Palo et al. 2003 Regional Rana temporaria 7 0.2 0.23 
 
 (a) (b) (c)  
 
Figure 3. Examples of geographical scales used in the robustness analysis of the SPLATCHE 
program: (a) local scale in Switzerland from Emaresi et al. 2011; (b) regional scale in Portugal 
and Spain from Alexandrino et al. 2000 and (c) national scale in Sweden from Palo et al. 2003. 
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 To see if the SPLATCHE software can correctly simulate genetic differentiation 
known, we run SPLATCHE to simulate genetic diversity (FST observed) from all landscape 
matrixes and we then compared them with the FST given in the paper (FST expected) using 
Kruskall-Wallis tests. Finally and using generalized linear models (GLM), we correlated the 
difference between the FST from literature (FST expected) and the FST simulated (FST observed) 
with several landscape matrix indexes (calculated for each landscape matrix from the Patch 
Analyst extension of ArcGIS; ESRI 2007; see Table 3). We selected the best model using AIC 
selection (Anderson et al. 1994), with the most pertinent landscape indicator explaining the 
difference between FST.  
 
Table 3. Landscape parameters associated with each landscape matrix, with abbreviation used 
in the text and definition. All variables were continuous. 
 
Landscape parameters Abbreviation Definition 
Cell (or deme) size Grid Size of each deme 
Matrix size Mat Size of the matrix in numbers of demes 
Migration rate Mig Fixed migration rate from 0 to 1 
Shannon's Diversity Index SDI 
Measure about about habitat classes in the landscape 
(heterogeneity) from 0 to log S (S = total number of 
habitats) 
Shannon's Equitability index SEI 
Measure about the equitability of the habitat 
distribution in the landscape matrix (from 0 to 1). If = 
1, all habitats were fairly distributed. 
Mean shape index MSI 
Sum of the perimeters of patches divided by the 
square root of the area of each patch. Over the shape 
of patches was irregular, more the MSI was high. 
Total edge TE Sum of the perimeters of all patches 
Edge density ED Sum of the perimeters of all patches divided by the total surface of the matrix 
Mean patch size MPS Mean patch size 
Number of patches NumP Number of patches in the matrix 
Total area TLA Total area of the matrix 
 
 1.3.  Results 
 
 1.3.1. Variation of the SPLATCHE's parameters and effects on simulations 
 
The statistical analysis of scenarios showed that the friction coefficient's variation (either in 
favourable or unfavourable habitats) had no impact on the FST values (S1: F1,80 = 1.251, p = 
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0.215; S2: F1,80 = -1.54, p = 0.127). But we showed a significant effect on the FST values when 
the carrying capacity changed (either in favourable or unfavourable habitats; S3: F1,49 = - 4.108, 
p < 0.001; S4: F1,48 = -11.81, p < 0.001). In both cases, the increasing of the carrying capacity 
was negatively correlated to the FST values (Fig. 4). Nevertheless, the co-variation of the 
friction and carrying capacity parameters induced a significant impact on genetic diversity (i.e. 
on FST values; S5: F1,242 = 18.917, p < 0.001; S6: F1,242 = 144.74, p < 0.001; see Fig. 5). In both 
cases, FST values increased when the carrying capacity decreased and the friction increased. 
The variation of the migration rate was significantly correlated to the FST values (S7: F1,37 = -
10.43, p < 0.001; see Fig. 6). Conversely, the population size was not related to the FST (S8: 
F1,539 = 0.276, p = 0.783). 
  
 When we changed the spatial structure of the virtual landscape, the distance between 
patches of favourable habitat impacted significantly the FST values (S9: F1,539 = 33.97, p < 
0.001; Fig. 7a). Moreover, the patch size's increasing was negatively correlated to FST values 
(S10: F1,539 = -2.039, p = 0.0419). The shape of the patches in favourable habitats showed a 
significant relationship with the FST values (S11: F7,472 = 3.255, p = 0.003). Furthermore, the 
deme size was negatively correlated to the FST values (S12: F1,419 = -26.57, p < 0.001; Fig. 7b). 
Finally, the corridors establishments showed a negative relationship with the FST values (S13: 
F1,239 = - 11.19, p < 0. 001; Fig. 7c). 
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Figure 4. Relationship between the carrying capacity's variation and FST values associated (1) 
in the favourable habitat and (2) in the unfavourable habitats. 
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Figure 5. Relationship between the co-variation of the carrying capacity and the friction 
coefficient and FST values associated (1) in the favourable habitat and (2) in the unfavourable 
habitats. 
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Figure 6. Correlation between the migration rate's variation and the FST values associated. 
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Figure 7. Variation of the FST values depending on (a) the distance (in meters) between 
favourable habitat patches, (b) the deme size (in m²) in the landscape matrix and (c) the width 
of corridors (in meters) established between favourable habitat patches. 
 
  1.3.2. Robustness test of the SPLATCHE program 
 
After running the SPLATCHE program, we were able to correlate the FST expected with the 
FST observed (Fig. 8) and we found a significant correlation (Pearson correlation: r² = 0.236 
and p = 0.038). However, we noted two outliers for which the FST simulated were too very low 
compared to the FST expected. 
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Figure 8. Correlation between FST from literature (FST expected) and FST simulated (FST 
observed) with the SPLATCHE program (r² = 0.236 and p = 0.038). 
 
 We then calculated all landscape parameters for the 16 landscape matrixes from 
publications. After AIC selection, we found that the best model is the model M17 (Table 4), 
showing a negative relationship (r² = 0.285, p = 0.024) between the difference of FST (FST 
simulated - FST from literature) and the Shannon's equitability index (SEI; see Fig. 9). The SEI 
was high (high equitability between the habitat classes in the landscape) when the difference 
between FST was low (when SPLATCHE fitted correctly the genetic diversity).  
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Table 4. Models performed between the difference of FST (FST simulated - FST from literature) 
and all landscape parameters. The model M17 has the lowest AIC value and was the model 
retained. AIC: Akaike information criterion; LogLik: Likelihood; BIC: Bayesian information 
criterion. 
 
Model Model description AIC LogLik BIC 
M1 grid+mat+mig+SDI+SEI+MSI+TE+ED+MPS+NumP+TLA -1260 643.9 -1202 
M2 mat+mig+SDI+SEI+MSI+TE+ED+MPS+NumP+TLA -1283 654.5 -1230 
M3 mig+SDI+SEI+MSI+TE+ED+MPS+NumP+TLA -1310 666.9 -1260 
M4 SDI+SEI+MSI+TE+ED+MPS+NumP+TLA -1312 666.9 -1267 
M5 SEI+MSI+TE+ED+MPS+NumP+TLA -1313 666.5 -1272 
M6 MSI+TE+ED+MPS+NumP+TLA -1305 661.3 -1268 
M7 SEI+TE+ED+MPS+NumP+TLA -1317 667.5 -1280 
M8 SEI+ED+MPS+NumP+TLA -1349 682.6 -1316 
M9 SEI+TE+MPS+NumP+TLA -1317 666.6 -1284 
M10 SEI+TE+ED+NumP+TLA -1328 671.9 -1295 
M11 SEI+TE+ED+MPS+TLA -1330 673.2 -1298 
M12 SEI+TE+ED+MPS+NumP -1352 684.0 -1319 
M13 TE+ED+MPS+NumP -1345 679.4 -1316 
M14 SEI+ED+MPS+NumP -1386 700.0 -1357 
M15 SEI+MPS+NumP -1392 702.2 -1368 
M16 SEI+NumP -1412 711.0 -1391 
M17 SEI -1436 722.2 -1420 
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Figure 9. Relationship between the difference between the FST simulated by SPLATCHE (FST 
observed) and FST from literature (FST expected) and a landscape parameter (r² = 0.285, p = 
0.024), the Shannon's Equitability Index (SEI). A high SEI's value showed a high equitability 
between the habitat classes in the landscape matrix. 
 
 1.4. Discussion 
 
 1.4.1. Variation of the SPLATCHE's parameters and effects on simulations 
 
The null impact of the friction coefficient is surprising. The friction is defined as the difficulty to 
cross a deme in the matrix landscape and we expected to find a high impact of the friction 
coefficient variation on the genetic structure of the populations. But we find a high effect of the 
carrying capacity attributed to each deme on the genetic structure simulated (Fig. 4 and Fig. 5). 
Its relationship seems logical because an augmentation of potential dispersal individuals in each 
deme should increase the chance to disperse in a neighbouring deme and in this way decrease the 
genetic differentiation between populations. As expected, and also because the migration rate is 
closely linked to the FST value, we found that an increasing of the migration rate induced a 
decreasing of the FST (i.e. of the genetic differentiation between populations).  
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 The different scenarios about the landscape structure showed all expected results. The 
genetic differentiation decrease when: (1) the distance between habitat patches decreases (Fig. 
7a); (2) the cell size increases (Fig. 7b) and (3) the corridor width also increases (Fig. 7c). These 
results showed that each landscape parameter tested here can severely impact the genetic 
structure of the populations.  
 
  1.4.2. Robustness test of the SPLATCHE program 
 
We compared the genetic differentiation simulated (FST simulated) with FST observed in the 
literature in a similar landscape using specific species characteristics. We found that the 
SPLATCHE program simulated FST values relatively closed than FST values observed in the 
literature. However, several FST values were overestimated compared to the FST observed in 
publications. We found that, when the landscape matrix was too heterogeneous (SEI index very 
low, i.e. species very specialist), the software simulated too much dispersal (and the FST values 
was very low compared to FST observed). It was the case for the specialist amphibian species 
Lyciasalamandra helverseni (Eleftherakos et al. 2007). This species lives only in caves and in 
the regional scale more than 90% of the demes were attributed in unfavourable habitats. Hence, 
we recommend using the SPLATCHE software essentially using generalist species, in a 
homogeneous landscape matrix (SEI index high).  
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2. Effects of environmental heterogeneity dynamics on genetic 
diversity across scales (example with an urodel species in France) 
 
 2.1. Introduction 
 
Dispersal (defined as movements between habitat patches inducing gene flow; Ronce 2007) is 
a crucial process in the persistence of the (meta-) populations. Dispersal allows decreasing the 
negative impact of the genetic drift between populations, decreasing the inbreeding rate and the 
extinction rate within populations. Despite the importance of dispersal in the persistence of 
populations (and in this way in populations/species conservation), the knowledge about its 
causes and its consequences are quite rare. Habitat matrix and habitat connectivity are major 
factors impacting on dispersal, as well as on the individual characteristics (as sex or life-
histories; Clobert et al. 2009). Landscape organization could severely impact on dispersal if for 
example habitat patches are not connected, or if the habitat matrix is unfavourable for 
individual movements. Habitat fragmentation is known to be an important threat for population 
viability because it could reduce the population size (Cushman 2006; Fahrig 2003) and 
generate real barriers for the dispersal of young and adults (Cushman 2006). Doing so, it may 
cause isolation of populations inducing genetic impoverishment in the absence of genetic 
exchange (Dodd & Smith 2003; Reh & Seitz 1990) and increasing the risk of local extinction 
(Sjögren-Gulve 1994).  
 
 To reduce the loss of biodiversity and conserve the habitat connectivity, the European 
Union established in 1992 a network named Natura 2000. Its role is not to create sanctuaries 
for species populations but to find a harmony between the protection of biodiversity and 
human activities. Currently, the Natura 2000 network comprises over 26000 sites (Evans 
2012), while its protection potential has been not fully evaluated. Here, we used a software of 
genetic differentiation (SPLATCHE, Currat et al. 2004) and simulated several landscape 
scenarios in order to observe the impact of landscape structure on the genetic structure in a 
threatened amphibian species. We used several landscape features to analyse the potential of 
protecting this amphibian species. We posed the following questions: what impact does the 
road and train network, the Natura 2000 network and a new highway construction on the 
genetic structure of populations? 
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 2.2.  Method 
 
  2.2.1. Species used and landscape matrix associated 
 
Here, we used a landscape scenario, which takes into account the A831 highway construction 
between Fontenay-le-Comte and Rochefort (in west of France). The construction was stopped 
because of economic development, tourism, financial environment and environmental 
conservation challenges. In fact, the last part of the highway would have crossed several 
National Ecological Area of Interest Fauna and Flora (Zone Nationale d’Intérêt Ecologique 
Faunistique et Floristique, ZNIEFF) along a stretch of 7 km, several Important Area for the 
Birds Conservation (in French: Zone Importante pour la Conservation des Oiseaux; ZICO) on 
17km and two Natura2000 sites, the "Marais Poitevin" (code FR5200659) and the "Marais de 
Rochefort" (code FR5400429), two major wetlands of high conservation value.  
 
 The great crested newt (Triturus cristatus) is listed on the Appendix II and IV of the 
European Habitats Directive (DG Environment 1992), on Appendix II of the Bern Convention 
and is protected by national legislation in many countries (IUCN 2010). It is found in the two 
Natura 2000 sites that the highway would cross and very sensitive to habitat fragmentation 
(IUCN 2010). We used the software SPLATCHE to analyse the impact on the genetic structure 
of T. cristatus populations. We collected information about the landscape in GIS-format from 
the Corine Land Cover (CLC) map (Ministère de l'Ecologie, du Développement durable, des 
transports et du logement 2011) for the years 1990, 2000 and 2006 to also take into account the 
land occupation evolution in 16 years. We simulated different scenarios depending on the 
spatial scale (at the local and at the regional scale) and the temporal scale (different number of 
generations simulated, landscape changes over time) to see how the habitat fragmentation can 
impact on the genetic diversity of populations, and if these effects could be different at 
different scales. 
 
  2.2.2. Scenarios of simulations 
 
We first simulated the genetic differentiation using the CLC across the three different years 
(1990, 2000 and 2006). We then used the CLC in 2006 and subsequently added (1) the Natura 
2000 network, (2) the railway network, (3) the road network and (4) the A831 highway. Each 
part of the landscape had specific friction coefficient and carrying capacity (Currat et al. 2004; 
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see 1.2.1 for details on the SPLATCHE software use). For example, we fixed the highest 
friction coefficient for the highway and the lowest one for the Natura 2000 sites. In a final 
scenario (all landscape and the highway construction) we analysed impacts at the local and 
regional scale (Fig. 1). The number of generations was fixed to 1000 generations per 
simulation and we chose to fixe the migration rate to 0.05, which represented closely the 
migration from amphibian studies (Smith & Green 2005, see also Trochet et al. submitted).  
 
 After each simulation, we were able to obtain a mean FST value, showing the 
differentiation between populations (i.e. measuring the gene flow between populations). Each 
landscape element (railway or road networks for example) was tested using the FST produced 
during the simulation associated in order to study its impact on the genetic structure of T. 
cristatus using Mann-Whitney U-tests. For instance, to see if the Natura 2000 sites have a 
pertinent impact on the genetic structure, we compared the FST from the simulation with the 
Natura 2000 with the FST from the simulation without the Natura 2000. The FST simulated 
should be compared to the real FST value found between the populations, to be sure that the 
genetic structure simulated was conformed. As we had no information about the real genetic 
structure of newt populations in this particular place, we used the relationship between the 
difference of FST (FST from literature - FST simulated) calculated in the first part of the report 
and a landscape parameter, the Shannon's Equitability index (SEI). This equation, from a linear 
model (y = ax + b) was as follows: FST observed - FST expected = -0.5197 * x + 0.4555 where 
x = SEI, -0.5197 was the slope of the regression (a) and 0.4555 was the intercept (b). Using the 
SEI of the landscape matrix built here, we were able to estimate the difference between FST 
(simulated and real). In this way, we were able to obtain the pertinence of the genetic 
simulation from the SPLATCHE software in this particular localisation. 
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Figure 1. Maps of the landscape matrix of the study (a) at the regional scale and (b) at the 
local scale used to analyse the impact of the highway construction on the genetic structure of 
T. cristatus populations. The landscape elements were categorized depending on the habitat 
type (i.e. the friction coefficient), from yellow (very favourable habitat in Natura 2000 sites; 
friction very low) to brown (impassable in the highway; friction very high). The green points 
showed the demographic sources (associated to real newt populations) and the purple ones 
showed the genetic sources necessary for the simulations with the SPLATCHE program. 
 
 2.3.  Results 
 
Using the SEI value of the landscape matrix (SEI = 0.7) and the linear equation showed above, 
we found a difference between FST of 0.092. Doing so, we expected to have a few difference 
between the FST simulated and the FST observed (the real one, not available yet). 
 
 At the regional scale, we did not find any significant difference between the landscape 
between the simulations using CLC 1990 and 2000 (W = 427, p = 0.7412), but the FST 
simulated in the landscape of CLC 2006 was significantly lower as compared to the previous 
two scenarios (Fig. 2: CLC_2006; 1990: W = 624, p = 0.01; 2000: W = 667, p = 0.001). The 
addition of Natura 2000 sites (Fig. 2: CLC_2000 + N2K) showed a further decreasing of the 
FST value compared to the matrix with only the CLC of 2006 (W = 468; p = 0.053). The 
addition of the railway (Fig. 2: N2K + Trains) and road (Fig. 2: N2K + Roads) networks 
induced a significant increase of the FST values (respectively W = 789; p < 0.001; W = 815; p < 
0.001). The strongest genetic substructure of the crested newt was found, when the highway 
was added (FST value with the highway: 0.5600 ± 0.0604 and without the highway: 0.5259 ± 
0.0188; W = 637, p = 0.0052).  
 
 At the local scale, the FST value with the highway was 0.2527 ± 0.0301 and the FST 
value without the highway was 0.2022 ± 0.0338. The Mann-Whitney test showed a significant 
difference between the FST from the landscapes with and without the highway construction (W 
= 802, p < 0.001; Fig. 3).  
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Figure. 2. Box plots showing the mean FST values simulated using the SPLATCHE program at 
the regional scale to study the impact of different landscape elements on the genetic structure 
of Triturus cristatus. The different scenarios were defined like the following: CLC_1990: 
landscape matrix with only the Corine Land Cover of 1990; CLC_2000: landscape matrix with 
only the Corine Land Cover of 2000; CLC_2006: landscape matrix with only the Corine Land 
Cover of 2006; CLC_2006 + N2K: landscape matrix with the Corine Land Cover of 2006 and 
the Natura 2000 sites; CLC_2006 + Trains: landscape matrix with the Corine Land Cover of 
2006 and the railway network; CLC_2006 + Roads: landscape matrix with the Corine Land 
Cover of 2006 and the road network; Without highway: landscape matrix with the Corine Land 
Cover of 2006, the Natura 2000 sites, the railway and road networks; With highway: landscape 
matrix with the Corine Land Cover of 2006, the Natura 2000 sites, the railway and road 
networks and the highway building. 
 
63
Chapitre 2 : Limites des mesures de la dispersion 
Avec_A831 Sans_A831
0.
15
0.
20
0.
25
0.
30
Fs
t o
bs
e
rv
és
F S
T 
si
m
u
la
te
d
Avec_A831 Sans_A831With Highway Without Highway
0.
15
0.
20
0.
25
0.
30
Fs
t o
bs
e
rv
és
F S
T 
si
m
u
la
te
d
 
Figure 3. Box plots showing the mean FST values simulated using the SPLATCHE program at 
the local scale to study the impact of different landscape elements on the genetic structure of 
Triturus cristatus. Without highway: landscape matrix with the Corine Land Cover of 2006, 
the Natura 2000 sites, the railway and road networks; With highway: landscape matrix with the 
Corine Land Cover of 2006, the Natura 2000 sites, the railway and road networks and the 
highway construction. 
 
 2.4.  Discussion 
 
This part of the report showed a possible application of the SPLATCHE software to genetic 
structure simulations between populations where the FST value is unknown. Simulations on the 
SPLATCHE software showed all expected results. The addition of the train or road networks 
significantly increasing the genetic structure of the populations (limited the dispersal between 
habitat patches). After the addition of the Natura 2000 sites, the FST values decreased, showing 
an increasing of the connectivity between populations (increased the dispersal between habitat 
patches). The future addition of the highway will be able to increase the genetic differentiation 
between populations of threatened newts, both in regional or local scales (Fig. 2 and Fig. 3). 
These results could help management decisions to conservation plans. Hence, we recommend 
to limit the increasing of habitat fragmentation in this landscape and to find another route for 
the highway building. However, we also recommend comparing the simulations with real 
genetic measures. 
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Chapitre 3 
 
Facteurs internes : Quels traits d’histoire de vie sont associés 
à de meilleures capacités de dispersion ? 
 
 Introduction 
 
La décision de disperser peut permettre aux individus d’en acquérir des bénéfices. Ce 
comportement est ainsi soumis à la sélection et présente naturellement des variations d'origine 
génétique entre les individus, ces variations pouvant être héritables (Dingle 1991; Roff & 
Fairbairn 2001; Keil et al. 2001) avec des conséquences différentes en terme de fitness chez les 
individus. Les variations individuelles observées en termes de capacités de dispersion sous-
entendent que les individus dispersants et résidents présentent initialement la même valeur 
sélective. Si la fitness des individus dispersants et résidents avait été différente en fonction de 
leur capacité de dispersion, le comportement de dispersion aurait été un trait fixé dans les 
populations et tous les individus auraient été des dispersants. Cependant, comme les individus 
dispersants et résidents vivent dans des milieux différents, chacun doit compenser les coûts 
issus de leurs habitats en adoptant des stratégies différentes. Par conséquent, certaines 
modifications de comportement, de morphologie ou de traits d’histoire de vie vont pouvoir les 
y aider, ces différences étant mesurables entre les individus. 
 
L'identification des relations existantes entre capacités de dispersion et syndromes de 
traits d'histoire de vie est devenue cruciale pour la compréhension des processus évolutifs 
(Clobert et al. 2009; Ronce 2007). En admettant que la dispersion soit liée à d'autres traits 
d'histoire de vie, on peut s'attendre à ce que certains de ces traits aient co-évolué avec ce 
processus, montrant de fortes corrélations entre ces deux derniers (qu’elles soient positives ou 
négatives). De nombreuses relations entre traits d'histoire de vie et capacités de dispersion ont 
été mises en évidence au sein d’un large spectre de groupes taxonomiques (Table 3.1): des 
organismes unicellulaires aux mammifères en passant pas les insectes  (Bowler & Benton 
2005 ; Swingland 1983). Ces observations suggèrent donc qu'il existe une gamme de 
phénotypiques particuliers - différente en fonction des espèces - permettant à certains individus 
d'être plus aptes à disperser que d’autres.  
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 D'une façon générale, les différences phénotypiques existantes entre individus résidents 
et dispersants s'expliquent par 3 raisons principales : (1) une augmentation du succès de 
dispersion passe par la mise en œuvre d'une spécialisation, qu'elle soit morphologique (taille 
des ailes), physiologique (taux d'hormones) ou comportementale (agressivité) ; (2) l'énergie 
investit dans les structures de dispersion (ailes) implique un compromis avec l'énergie investie 
dans d'autres processus (tel que la reproduction) et (3) certains traits non nécessaires à de 
grandes capacités de dispersion peuvent être plus bénéfiques chez les dispersants que chez les 
résidents (Clobert et al. 2009). Si l'on fait l'hypothèse qu'une grande taille corporelle ou une 
grande taille des appendices locomoteurs permettrait aux individus d'acquérir de meilleures 
capacités de dispersion, on peut s'attendre à trouver une relation positive entre capacité de 
dispersion et morphologie. En effet, chez les insectes, la taille de l'aile est souvent utilisée 
comme un proxy de la dispersion (Ockinger et al. 2010; Sekar 2012). Chez les oiseaux et les 
mammifères, plusieurs études ont également montré de fortes relations positives entre la taille 
ou le poids du corps et les capacités de dispersion (Bowman et al. 2002; Sutherland et al. 
2000). Cependant, certains traits d'histoire de vie montrent également de fortes relations 
négatives avec les capacités de dispersion.   
 
 En particulier, un compromis (trade-off) entre capacité de vol (musculature et taille de 
l'aile) et fécondité semble être commun chez les insectes (Rankin & Burchsted 1992; Roff & 
Fairbairn 1991; Zera & Denno 1997; Table 3.1). Ce compromis est expliqué par le fait que les 
dépenses énergétiques utilisées dans la production de structures permettant la dispersion (ailes, 
muscles) ne sont plus disponibles pour être investit dans la reproduction (Zera & Denno 1997). 
En d'autres termes, les insectes investissent leur énergie soit dans la reproduction, soit dans la 
dispersion (Mole & Zera 1993; Tanaka 1993; Zera & Mole 1994). Par exemple chez de 
nombreux insectes, les individus de phénotype dispersant ont une fécondité significativement 
inférieure et souvent plus tardive par rapport aux individus ayant un phénotype résident [chez 
les sauterelles (Ritchie et al. 1987), criquets (Mole & Zera 1994;  Roff 1984), cicadelles 
(Denno et al. 1989), pucerons (Dixon & Howard 1986), gerris (Muraji & Nakasuji 1988; Zera 
1984), corises (Young 1965), punaises (Solbreck 1986) et charançons (Utida 1972)]. D'autres 
coûts associés avec les capacités de vol sont corrélés avec un retard de développement (Dixon 
& Howard 1986; Zera 1984), une longévité plus courte (Denno et al. 1989; Young 1965) et 
une taille d'œufs ou de jeunes réduite (Dixon & Howard 1986; Sato 1977;  Solbreck 1986). 
Néanmoins, ce trade-off n’est pas universel, pour certaines espèces, il a été montré que les 
individus de  phénotype dispersant peuvent avoir une fécondité supérieure aux individus 
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résidents [chez la mite (Sato 1977) et plusieurs espèces de scarabées (Aukema 1991; Taylor 
1978)]. Cette relation positive entre dispersion et reproduction peut s'expliquer par la fait que 
les résidents peuvent souffrir d'une forte compétition pour les ressources ou pour l'accès aux 
partenaires sexuels, procurant aux dispersants arrivants dans un nouveau patch de meilleure 
qualité (avec moins de compétition pour l'accès à la reproduction) une meilleure fécondité 
(dans ce cas les bénéfices de la dispersion sont supérieurs aux coûts engendrés par ce 
comportement, du fait de mauvaises conditions dans le patch d'habitat initial). Enfin, un 
compromis entre dispersion et capacité de compétition a également été démontré chez les 
insectes (Roff & Fairbairn 2001) et chez de petits mammifères (Ebenhard 1990). Des individus 
peu aptes à se défendre lors de forte conditions de compétition (pour l'accès aux partenaires 
sexuels par exemple) auraient plus tendance à disperser, afin d'éviter les coûts trop importants 
des conditions locales par rapport à ceux de la dispersion. 
 
  Les traits d'histoire de vie en relation avec les capacités de dispersion des espèces sont 
relativement nombreux (Table 3.1), et certains d'entre eux se retrouvent entre les groupes 
taxonomiques (la taille du corps par exemple) présentant des relations similaires ou inverses en 
fonction des groupes. Cependant, il est important de garder à l'esprit qu'il existe certainement 
d'autres traits avec lesquels les capacités de dispersion pourraient être fortement liées. Par 
exemple, le sexe (voir Chapitre 4) et l’âge sont intimement corrélés aux capacités de 
dispersion des espèces (Clobert et al. 2009).   
 
Une large recherche bibliographique concernant les relations existants entre traits 
d'histoire de vie et capacité de dispersion montre que les insectes (et en particulier les 
papillons) sont des espèces modèles dans l'étude de la dispersion. En effet, des nombreuses 
espèces sont relativement bien décrites, et les mesures de dispersion (écologique ou efficace) 
ne manquent pas dans la littérature. Il en est de même chez les oiseaux et les mammifères, où 
les capacités de dispersion de nombreuses espèces ont été étudiées en rapport avec leurs traits 
d'histoire de vie. A l'opposé de ces nombreuses données disponibles, il est important de noter 
qu'actuellement, à l’exception de quelques espèces bien connues, très peu d'études concernant 
les liens entre traits d'histoire de vie et dispersion sont disponibles chez les amphibiens et les 
reptiles (Table 3.1). Ce manque de données peut s'expliquer par la difficulté de suivre ces 
espèces in natura. 
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Table 3.1. Exemples de relations entre capacités de dispersion et phénotype (physiologie, comportement, morphologie et traits 
d'histoire de vie) chez plusieurs groupes taxonomiques. Une corrélation (+) signifie une relation positive (et (-) une relation négative) 
entre capacité de dispersion et le trait concerné. 
 
Groupe 
taxonomique  Trait Groupe d'espèces ou espèce Corrélation Références 
Puceron de soya (Aphis glycines) - (5) 
Mélitée du plantain (Melitaea cinxia) + (28) 
Insectes + (30) 
Insectes - (30) 
Criquet (Modicogryllus confirmatus) - (32) 
Fécondité 
Cicadelle (Prokelisia dolus) - (33) 
Trait d'histoire de vie 
Survie Insectes - (30) 
Taille de l'aile Papillons (n = 17-83 espèces et n = 53-133 
espèces) + (1, 2) 
Fourmi des bois nordique (Formica 
truncorum) + (9) Taille du corps 
Agrion boréal (Enallagma boreale) + (25) 
Morphologie 
Poids du corps Fourmi des bois nordique (Formica 
truncorum) + (9) 
Capacité 
d'ingestion 
2 espèces de cicadelles (Prokelisia dolus et 
Prokelisia marginata)  - (31) 
Insectes 
Comportement 
Socialité Puceron (Pemphigus obesinymphae) - (19) 
      
Amphibiens Morphologie Taille de la patte Crapaud buffle (Bufo marinus) + (3) 
 
Fécondité Campagnol agreste (Microtus agrestis) + (29) 
Fitness Renard roux (Vulpes vulpes) - (8) Trait d'histoire de vie 
Domaine vital Mammifères (n = 33 espèces) + (34) 
Mammifères (n = 68 espèces) + (4) 
Rat-taupe nu (Heterocephalus glaber) + (7) Poids du corps 
Chevreuil (Capreolus capreolus) + (26, 37) 
Mammifères 
Morphologie 
Taille du corps Rat-taupe nu (Heterocephalus glaber) + (7) 
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Spermophile de Belding (Spermophilus 
Beldingi) + (22) 
Musaraigne commune (Sorex araneus) + (24) 
Mammifères (n = 33 espèces) + (34) 
Taille du tibia et 
des pieds 
Musaraigne commune (Sorex araneus) 
+ (36) 
Socialité Campagnol à dos roux (Clethrionomys 
rufocanus) - (20) 
Campagnol des prés (Microtus 
pennsylvanicus) et campagnol des prairies 
(Microtus ochrogaster) 
+ (17) Comportement Agressivité 
Rat-taupe nu (Heterocephalus glaber) - (7) 
Hyène tachetés (Crocuta crocuta) + (10) Taux de 
testostérone Blaireau européen (Meles meles) + (11) 
Activité de la 
sérotonine 
Macaque rhésus (Macaca mulatta) 
+ (14) 
Campagnol roussâtre (Clethrionomys 
glareolus) + (16) 
Physiologie 
Comportement 
exploratoire Campagnol des prés (Microtus pennsylvanicus) et campagnol des prairies 
(Microtus ochrogaster) 
- (17) 
 
Trait d'histoire de vie Taille du territoire Oiseaux (n = 31 espèces) + (35) 
Oiseaux (n = 77 espèces) + (4) 
Petit-duc maculé (Megascops asio) et petit-
duc des montagnes (Megascops kennicottii) + (13) Morphologie Poids du corps 
Flamand rose (Phoenicopterus ruber 
roseus) + (27) 
Petit-duc maculé (Megascops asio) et petit-
duc des montagnes (Megascops kennicottii) + (13) Comportement 
exploratoire Mésange charbonnière (Parus major) + (15) Comportement 
Aggressivité Merle bleus (Sialia sp.) + (21) 
Hirondelle à front blanc (Petrochelidon 
pyrrhonota) + (12) 
Oiseaux 
Physiologie Taux de 
corticostérone Petit-duc maculé (Megascops asio) et petit- + (13) 
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duc des montagnes (Megascops kennicottii) 
 
Lézard à flancs maculés (Uta stansburiana) + (23) Morphologie Taille du corps Lézard à flancs maculés (Uta stansburiana) - (23) 
Lézard vivipare (Zootoca vivipara) + (18) 
Reptiles 
 Comportement Socialité Lézard vivipare (Zootoca vivipara) - (18) 
 
Ciliés Morphologie Taille du corps Tetrahymena thermophila + (6) 
Les espèces végétales ne sont pas incluses dans la liste présentée ci-dessus, mais la relation entre dispersion et traits d'histoire de vie a également 
été montré chez ces espèces (e.g. Imbert & Ronce 2001). 
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Chapitre 3 : Traits d’histoire de vie et dispersion 
L’étude de la dispersion peut donc se concentrer sur deux aspects principaux. D’une 
part, les espèces telles que les papillons pour lesquelles à la fois les traits d’histoire de vie 
et capacités de dispersion (souvent mesurées par plusieurs techniques: taux et distance de 
dispersion, flux de gènes; Stevens et al. 2010) sont bien documentées, peuvent permettre de 
tester si d'autres traits que la taille de l'aile (utilisé comme un proxy de la dispersion dans ce 
groupe d'espèces ; Ockinger et al. 2010; Sekar 2012) montrent de meilleures relations avec 
la dispersion et prédisent mieux les capacités de dispersion (manuscrit 3). Ces données 
peuvent également permettre de prédire les capacités de dispersion pour d’autres espèces 
pour lesquelles les capacités de dispersion sont moins connues que ce soit chez les insectes 
(manuscrit 2) ou chez d’autres organismes tels que les amphibiens (manuscrit 1). Parmi les 
vertébrés, les amphibiens apparaissent particulièrement sensibles à la perte et à la 
fragmentation de leur habitat (Bowne & Bowers 2004; Cushman 2006). En effet, 32% sur 
plus de 6000 espèces existantes d’amphibiens sont considérées comme menacées 
d’extinction et au moins 43% de leurs populations sont en régression (IUCN 2006). Il 
devient alors crucial d'améliorer les programmes de conservation des amphibiens afin de 
limiter les conséquences néfastes de la destruction ou de la fragmentation des habitats sur 
les populations locales, et l'étude de leur dispersion peu documentée en fait partie.  
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Abstract  
 
In the current context of climate change and landscape fragmentation, efficient conservation 
strategies require the explicit consideration of vagility. This is particularly true for amphibians, 
highly threatened worldwide. They rely on overland displacements to ensure dispersal that 
sustains gene flow, recolonization and distribution changes, but also to complete their life-
cycle, with regular migrations between aquatic and terrestrial habitats. Generally, however, 
vagility is hard to measure and was reported for only 41% of the amphibian species in Europe. 
Here, we aimed to test whether and to what extent we can make use of (1) phylogenetic 
relatedness among species and (2) trait relationships at the species level to infer vagility in 
amphibians. We observed that vagility is related to body shape, and to a lesser extent to body 
size and age at maturity. Relationships with other traits also exist, but are not retained in multi-
factorial models. We used the correlations between observed vagility and several 
morphological and demographic traits to build a linear model to predict vagility. In addition, 
we used phylogenetic proximity to select substitute species for vagility. We assessed the 
quality of the inferences made by both methods (phylogenetic substitution and linear models) 
through cross-validations using the data for 37 amphibian species with known vagility. 
Although both methods allowed reasonably good approximations of the observed vagility, the 
precision obtained with trait-based models was much higher. We retained a single robust and 
efficient predictive model based on only two traits that is of direct applicability to conservation 
purposes. We validated its performance on an independent set of 10 North-American species. 
With this model, we inferred the vagility of the 87 amphibian species of Europe. We showed 
that threatened European species had significantly lower displacement abilities than species of 
least conservation concern, and that presumed vagility was unrelated to global population 
trends.  
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Introduction 
 
Vagility (or overland displacements) is an important and globally relevant issue relating to the 
conservation of amphibians. Amphibian population persistence is known to be tied both to 
local movement distances (migration), and to longer-distance movements resulting in 
connectivity among breeding populations (dispersal). Indeed, vagility is a crucial element for 
the functioning of their populations (Marsh & Trenham 2001; Semlitsch 2000; Stevens & 
Baguette 2008) especially in inducing genetic mixing (Bohonak 1999; Keller & Waller 2002) 
and reducing the risk of population extinction or by allowing individuals to track the spatial 
shift of their climate niche. Because overland's movements play a major role in landscape 
ecology (Pickett & Cadenasso 1995) and landscape genetics (Storfer et al. 2010), vagility 
might become of major importance in conservation biology (Macdonald & Johnson 2001). 
These displacements also ensure the mandatory seasonal migration between terrestrial and 
aquatic habitats. Here, we refer to the ability to make these overland displacements as species’ 
vagility. In practice, measuring vagility is often challenging, particularly for rare species, and 
consequently this information is lacking for most endangered species for which particular 
conservation efforts should be implemented. However, even an approximation of vagility 
might significantly increase the predictive power of the models used to explore the viability of 
populations facing environmental changes (Thuiller et al. 2004).  
 
 The costs associated with displacements, and particularly with dispersal (Bonte et al. 
2012) are likely to constrain the allocation of resources among all components of an 
individual’s life which may cause correlations between vagility and several other traits. 
Dispersal is also a tactic to cope with habitat instability, and as such it may evolve together 
with other traits that allow species persistence in instable habitats, like a high demographic 
turnover (Dingle 1996). Several other processes (reviewed in Stevens et al. 2012), like for 
instance the architecture of the genome, may cause apparent correlations between vagility and 
a variety of traits. If such correlations exist – be they caused by ecological, evolutionary or 
genetic processes – it should be possible to infer the vagility of a species from the values taken 
by other traits in this species and the relationship between those traits and vagility across 
species. Further, species traits and their relationship with vagility may also be constrained by 
common-ancestry, and phylogenetic proximity may summarize trait resemblance (Losos 2008). 
On this basis, we might infer unknown vagility by choosing the phylogenetically closest 
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species with known vagility as a substitute for a species of conservation interest for which the 
data is unavailable.  
 
 Our aim was to investigate whether (1) the observed relationships among traits at the 
species level or (2) the phylogenetic proximity among species could be used to infer amphibian 
vagility. We used published information on European amphibians and investigated the general 
relationships between vagility and other traits in this group. We built and tested linear models 
based on relationships between traits and vagility, and used the balance between their 
robustness and their predictive efficiency to select a single model. We then used it to infer the 
yet unknown displacement capacity of European amphibians. We also tested the efficiency of a 
substitution based on phylogenetic proximity. In both approaches, we assessed whether and to 
which extent the information retained in several alternatives allowed predicting the vagility of 
amphibians.  
 
Methods 
 
Database description 
 
Our study is based on a database summarizing 44 traits for 85 European amphibian species 
from 242 publications collected by searching the Web of Science ®, the Amphibiaweb (2011) 
and several books (Appendix S1). We added two non-European species that recently 
established populations in Europe in order to increase the number of species with known 
displacement ability and improve the statistical power of our analyses. Their threat status, from 
1 (least concern) to 5 (critically endangered), and their population trends (-1: decreasing, 0: 
stable or +1: increasing) were extracted from information found on the IUCN website (IUCN 
2011). In total, we were able to compile data for 51 anurans and 36 urodels present in Europe 
(Appendix S1). Of these, 75 species are endemic to Europe and 24% have IUCN threat scores 
≥ 3 (Vulnerable) (Fig. 1; Temple & Cox 2009). In addition, we also collected life history and 
vagility data on 10 North-American species (5 urodels, 5 anurans) to make an independent 
validation of our predictive tool (see below). 
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Figure 1. Proportion of species within IUCN categories: left, for 87 species present in Europe; 
right, for the 37 species in this dataset with migration or dispersal data available (= informed 
dataset).  
 
 
 
 
 
 
 
 
 
 Amphibians typically occupy terrestrial and aquatic habitats and perform regular 
migrations between both. The vagility considered here is the maximal displacement recorded 
for a species, either during dispersal between populations or during migration between habitat 
parts. We used the maximum distance over the modal distance as long-distance dispersal 
movements have considerably higher impact on species spread, species persistence and 
metapopulation functioning (Trakhtenbrot et al. 2005) and because vagility data on a landscape 
scale were unavailable for many species. Therefore, the data availability on amphibian vagility 
did not allow determining the dispersal kernel of species, which however might be of great 
interest, particularly if we are to modeling metapopulation functioning at the landscape scale. 
All vagility values used here resulted from mark-release-recapture or tracking studies. The 
database informs vagility for 37 European species (24 anurans, 13 urodels), most not 
threatened (Fig. 1), plus 10 North-American species (classified least concern [N=8] or near 
threatened [N=2]). 
 
 To test and then make use of correlations among traits, we considered the traits that 
have already been shown to vary with dispersal and migration in mammals, birds, insects or 
plants or that theory predicts they may vary with dispersal (see a review in Stevens et al. 2012). 
For statistical reasons, we imposed a threshold to the number of species (min. 45 of 87) for 
which the trait must be informed (Appendix S1). This procedure retained 7 morphological 
(Table 1) and 2 demographic traits: fecundity and age at maturity. Fecundity is the mean 
number of eggs laid by a female and by reproductive event. For each trait, individual values 
LC: least concern
NT: near threatened
VU: vulnerable
EN: endangered
CR: critically endangered
DD: data deficient
IUCN conservation status
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LC
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were averaged over populations, and then population values were averaged so that only the 
mean value was kept for each species.  
 
Table 1. Loadings of a PCA performed on seven morphological traits for 87 amphibian species.  
Morphological 
trait 
Trait description N publi. Contribution to 
axis (%) 
Correlation with axis 
   Axis 1 Axis 2 Axis 1 Axis 2 
Mass 
 
Body mass (g) of adults, without distinction 
between males and females 
1 - 4 8.876 17.886 0.604 
 
0.578 
 
SVL_M Snout-to-vent length (mm) of adult males 1 - 6 23.240 0.045 0.978 0.029 
SVL_F Snout-to-vent length (mm) of adult females 1 - 7 22.339 0.368 0.959 0.083 
SVL_ad 
 
Snout-to-vent length (mm) of adults, without 
distinction between males and females 
1 - 7 22.969 0.176 0.972 
 
0.057 
 
Length 
 
Total body length (mm) of adults, without 
distinction between males and females 
1 - 12 13.025 21.876 0.732 
 
-0.639 
 
HLL Hind limb length (mm) of adults, without 
distinction between males and females 
1 - 4 1.528 46.946 0.251 
 
0.936 
 
SVL_Meta Snout-to vent length (mm) at metamorphosis 1 - 4 8.022 12.703 0.575 -0.487 
N publi.: number of publications (per species) from which the trait was averaged. Sexual size dimorphism is often 
large in amphibians; hence 3 measures of adult snout-to-vent length (SVL) were retained. SVL_ad is the average 
adult size (not different from sex-specific adult size when there is no information on sexual size dimorphism), 
whereas SVL_M and SVL_F are the values for males and females, respectively. SVL_Meta is the size at 
metamorphosis, as no sexual dimorphism was reported at this age. 
 
Building and testing the inference tool 
 
Prior to our analyses, we reconstructed missing traits values (all traits except vagility), as the 
database was incomplete, with up to 44% of species with missing values (NA) for a given trait 
(Appendix S1, S2). To lower the collinearity among explanatory variables, we summarized 
morphology by a principal component analysis and used the scores of species along its main 
axes as synthetic indicators of their morphology. All trait values were standardized before 
analyses, and vagility was log-transformed to ensure normality. The analyses presented were 
all performed within the R environment (R Development Core Team 2011).  
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Our first aim was to investigate how life-history and morphology correlate with the 
displacement ability at the species level. We investigated this by linear models (LM) and 
phylogenetic generalized least squares (PGLS). Unlike LM, PGLS incorporate the 
phylogenetic relationships among species. The comparison of their relative fit (appreciated by 
AICc: Anderson et al. 1994) thus informed the relative importance of phylogeny for traits 
relationships. The saturated model for both LM and PGLS took the form shown in equation 1. 
AICc was used to select the model(s) that best fitted the data among all simpler models derived 
from the saturated model. Similarly, best models (within 2 points of AICc) were then averaged 
(see Appendix S2). We investigated trait relationships separately for anurans and urodeles in a 
similar fashion. 
 
Eq.1: Vagility ~ morphology (PCA axes) + fecundity + maturity + sampling scale (the length 
of study sites) + sampling effort (the number of individuals caught) + first-order interactions. 
 
  Our second aim was to propose a simple method to infer unknown dispersal. We tested 
two methods: linear modeling (as described before) and substitutions based on phylogenetic 
proximity (see below). For each, we assessed the quality of predictions by cross-validation, 
using a random partitioning of the European dataset, with a ratio of 3:1 for training:test 
partitions. Confidence intervals of predictions were obtained by repeating 100 times the 
partition. We regressed the predicted vs. observed vagility and used the slope of this regression 
to assess the rightness of the prediction, and used the adjusted R² (when the regression was 
forced into zero) and the mean absolute residual of the predictions (relatively to this forced 
regression) to indicate its precision. 
 
 When building the predictive linear models, we applied an additional precaution. As we 
must be confident in the data we use to infer vagility, we should always prefer measured values 
of species traits over values inferred in a reconstruction step. We thus tested the performance 
of models constructed on a dataset iteratively purged from its NA richest trait (see Appendix 
S2). At each step, we selected the best of all models derived from the saturated model (as 
described before), and assessed their quality by cross-validation. Of course, this argument of 
precaution would not apply when the dataset is complete: in this case, biological arguments 
should be preferred to select among candidate traits.   
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 The principle for phylogenetic substitutions was to replace ignored vagility values by 
the value measured in the most closely related species in the training partition (or averaged 
over several closely related species). Phylogenetic distances were appreciated either by the 
number of nodes or by the sum of branch lengths separating species in the Amphibian tree (see 
Appendix S3). The sensitivity of predictions to the phylogenetic distance between a species 
and its substitute was tested with generalized linear models. 
 
Patterns of amphibian vagility 
 
Of the various alternatives tested at the previous step, the method that returned the better 
predictions was chosen to infer vagility for 87 European amphibians. In this step, we also used 
the method with the best vagility predictions to infer the vagility of 10 North-American species 
for which it was repeatedly measured, in order to test the applicability of our predictive model 
beyond the particular group on which it was built. For this general prediction the sampling 
scale and the sampling effort were held fixed to the value of their respective upper 95% 
confidence intervals in order to provide a general picture of displacement ability comparable 
across species. We then tested for a relationship between vagility and threat status and 
population trends of European species with generalized linear models.  
 
Results 
 
Correlations among traits 
 
Only the two first axes of the PCA on morphology had an eigenvalue > 1. These two axes 
summarized respectively 58 and 27% of the variance in seven morphological traits (Table 1). 
The first axis principally pertained to adult size, with large species having positive scores. The 
second axis informed body shape: species with high scores on the second axis have relatively 
long hind limbs, are relatively heavier, show a small total length (i.e. no tail or a short tail), and 
are relatively small at metamorphosis.  
 
 When all traits were included, the best models for vagility were three linear models 
whose AICc were largely lower than that of concurrent PGLS (∆AICc = -69.15; Table 2), 
indicating that phylogenetic relationships are not strong predictors of trait relationships in 
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amphibians. All three LM predicted a positive effect of the sampling scale and a positive 
relationship between vagility and body shape (the second axis of PCA). One predicted that 
vagility is negatively impacted by body size (the first axis of PCA), and another one predicted 
a negative effect of the age at maturity. No first order interaction was retained (Table 2). Only 
the negative effect of body shape and the positive effect of the sampling scale were 
significantly different from zero in the averaged model (Table 2). 
 
 In anurans, two LMs were retained that outperform concurrent PGLS (∆AICc = -12.27). 
Both predicted a positive effect of the spatial scale of sampling, and one predicted a positive 
association with fecundity. The slope of both effects however had too large confidence 
intervals in the averaged model to differentiate them from zero (Table2). 
 
 In urodels, three LMs were retained that outperformed concurrent PGLS (∆AICc = -
7.94). One was the null model (intercept only), one predicted a positive effect of the sampling 
scale, and another a negative effect of the age at maturity. In the averaged model, these effects 
had again very large confidence intervals, containing zero (Table2). 
 
Performances of predictions  
 
After purging step by step the dataset from its NA-richest variable, the average number of 
reconstructed values gradually passed from 10% (with up to 25% for the less well informed 
variable) to 0 (Table 3). At each of those 9 steps, we selected the candidate LM that best fitted 
the data. This selection retained 33 models (Appendix S4) for which the quality assessment 
was run.  
  
 All 33 models generated a regression of predicted versus observed vagility with very 
high slopes (range = 0.76 – 0.93; mean = 0.85), and similar for all (Kruskal-Wallis test for a 
step effect on the slope of predicted/observed regression: χ²8 = 12.52, p = 0.129). All models 
however were not equally precise, as shown by the adjusted R² of predicted and observed 
regressions forced to zero (R² = 0.962-0.968; Kruskal-Wallis test for a step effect: χ²8 = 18.69, 
p = 0.017). Although the difference only occurred at the third decimal, the precision was 
significantly lower from step 2 to 5, compared to models at other steps. Among the latter group 
(steps 1 and 6-9), the precision of the predictions did not change among steps (Kruskal-Wallis 
χ²4 = 4.13, p = 0.388).  
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Table 2. Linear models (LM) for amphibian displacement ability: summary of model selection, 
and model averaging (LM*).  
  Morphology Demography Covariates Model performance 
Model Int. Axis 1 
 
Axis 2 
 
Maturity Fecundity Sampling 
scale 
Sampling 
Effort 
AICc ∆AICc W 
All 
species 
          
LM_1 6.069 - 0.748 - - 0.00015 - 126.404 0.000 0.158 
LM_2 6.086 - 0.680 -0.299 - 0.00015 - 126.775 0.372 0.131 
LM_3 6.096 -0.205 0.782 - - 0.00014 - 127.981 1.577 0.072 
LM* 6.080 
(5.45-
6.71) 
-0.205 
(-0.622- 
0.212) 
0.73 
(0.288-
1.17) 
-0.299    
(-0.717-
0.118) 
- 0.000147 
(0.00007-
0.00022) 
- - - - 
Anurans 
 
 
 
  
  
   
LM_a1 6.779 - - - - 0.00013 - 81.279 0.000 0.239 
LM_a2 6.809 - - - 0.249 0.00013 - 83.009 1.730 0.101 
LM_a* 6.79 
(5.98-
7.60) 
- - - 0.249     
(-0.255-
0753) 
0.00013 
(0.000049
-0.00021) 
- - - - 
Urodels 
 
 
 
  
  
   
LM_u1 5.540 - - - - - - 49.320 0.000 0.252 
LM_u2 4.775 - - - - 0.00021 - 49.829 0.509 0.195 
LM_u3 5.540 - - -0.447 - - - 51.204 1.884 0.098 
LM_u* 5.270 
(4.06-
6.47) 
- - -0.447    
(-1.27-
0.377) 
- 0.00021  
(-0.00007-
0.00050) 
- - - - 
Independent variables were standardized so that their estimates can be compared directly. Dashes indicate 
variables not retained in the model; interactions not retained (only proposed in “all species” models). Int: 
intercept; Axis 1 and Axis 2: scores along the first and second axis of a PCA on morphology (see text); Sampling 
scale: longest length of the study site; Sampling effort: total number of individuals for which displacement ability 
is reported; AICc: corrected Akaike Information Criterion; W: relative weight of the model. LM*: averaged model 
(in parenthesis, the 95% confidence interval for the estimate of the effect size for each variable in the average 
model). 
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Table 3. Performance of linear models and phylogenetic substitutions at predicting amphibian 
vagility.   
Linear models 
Step ∆AIC* Mean 
rightness 
Mean 
precision 
Robustness 
1 11.33 0.903 0.9682 0.90 
2 12.03 0.869 0.9658 0.92 
3 11.64 0.827 0.9644 0.93 
4 9.31 0.834 0.9646 0.94 
5 7.04 0.846 0.9649 0.95 
6 0.00 0.880 0.9682 0.95 
7 -0.50 0.894 0.9686 0.96 
8 0.00 0.882 0.9617 0.97 
9 5.30 0.902 0.9633 1 
Phylogenetic substitutions 
Phylogenetic distance Rightness Precision Sensitivity 
Sum of branch lengths 0.952 0.5250 
Rho = 0.272,  
P < 0.001 
Number of nodes 0.955 0.5118 
Rho = 0.096,  
P = 0.572 
Step: step in an iterative process of removing the NA-richest variable (see text, Appendix S2). 
AIC*: the corrected Akaike Information Criterion, here penalized by 2 points for each additional variable needed 
to build the model (i.e. before a summary by a PCA, see text, Appendix S2). Precision: percentage of explained 
variance in a regression of predicted or substituted vagility vs. observed vagility, forced into zero. Rightness: 
slope (unforced) of a regression of predicted or substituted vagility vs. observed vagility. Robustness: 1-the 
proportion of reconstructed data (see Appendix S2). Sensitivity: Spearman correlation between absolute 
differences of observed and substituted vagility and phylogenetic distances. The method is considered sensitive to 
the phylogenetic distance between a species and its substitute in case this correlation is significantly non-null. 
Vagility is the log-transformed maximal displacement measured for a species. Phylogenetic distances calculated 
from the whole composite tree of living amphibians. 
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 Both phylogenetic substitutions performed quite well, as shown by the regression of 
substituted versus observed displacement abilities, with high slopes. The precision obtained 
with substitutes chosen on the number of nodes, rather than on branch lengths, was slightly 
better, and this method was also less sensitive to the phylogenetic distance between a species 
and its substitute (Table 3).  
 
Vagility of European amphibians  
 
Phylogenetic substitutions were far less precise and less correct than linear models in inferring 
vagility (Table 3, Fig. 2), although the inferences made by the best alternative of both methods 
converged (Pearson correlation for predicted vagility vs. substituted vagility = 0.70, p < 0.001). 
 
 As our main goal was to find a simple and efficient method to predict amphibian 
vagility, and as all linear models had very high rightness and precision, we selected the model 
with the lowest AICc for further predictions (here penalized to account for supplementary 
variable needed to build the PCA: see Appendix S2). This linear model (Model 8.1 in 
Appendix S4) modeled the negative effect of total body length and the positive effect of 
fecundity and of sampling scale on vagility, and has high robustness and precision (detail in 
Table 4), and showed a high performance at predicting vagility of North-American species 
(cross-validation and application to North-American species illustrated in Fig. 2A). Spatial 
scale appears in all 33 models tested for prediction quality. However, the size of study sites 
may have been chosen with a good prior on vagility of the study species and hence it may add 
significant predictive power to the models. On the other hand, its effect may simply be 
artifactual, as was shown in other studies (e.g. Schneider 2003). Removing the spatial scale 
from the predictive model (i.e. using model 8.2 in Appendix S4) yields predictions with lower 
rightness and precision, but still with a sufficient performance. Notice that the predictions for 
North-American species (shown Fig. 2A) ignored the sampling scale, which was held fixed at 
the upper limit of its 95% CI in European studies. Most amphibians have a modest predicted 
vagility, but for a substantial proportion the predicted vagility was exceeding 5 km (Fig. 3, 4). 
The predicted vagility of European species was not correlated with the species’ threat status 
(F1-84 = 2.46, p = 0.12) nor with populations trends (F1-84 = 2.25, p = 0.14). However, observed 
vagility correlated negatively with the IUCN threat status of species (F1-34 = 9.68, p = 0.004), 
but not with population trends (F1-34 = 0.66, p = 0.421). 
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Figure 2. Cross-validations for predictions of amphibian vagility, obtained (A) with a linear model with fecundity, total length and sampling 
scale as independent variables or (B) from substitutions based on phylogenetic proximity assessed by the number of nodes separating species. 
In A, white symbols illustrate the application of the linear model to 10 North-American species that were not considered for building the model. 
In that case, sampling scale was held fixed at a value corresponding to the upper limit of its 95% CI in the European dataset. 
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Regressions of predicted (A) or substituted (B) mobility against observed values for 37 European amphibian species (black symbols). Vertical lines: 95% CI. Solid line is 
the unforced regression; dashed line is the regression forced into zero; grey line is the 1:1 slope, given for comparison. White symbols in A illustrate the application of the 
predictive linear model to North-American urodels (triangles) and anurans (diamonds) that do not intervene in model building. 
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Table 4. Linear model used for predictions of amphibians’ displacement ability. Response is 
ln-transformed vagility, in m.  
Variable Estimate DF F P AdjR² 
Int. 7.0104 *** 
Length -0.5877 ** 
Fecundity 0.5141 * 
Sampling scale 0.8194 *** 
3-33 14.2 4.1x10-6 0.5238 
 Estimates for variables not standardized 
Int. 6.925 *** 
Length -0.01364 ** 
Fecundity 8.269x10-5 * 
Sampling scale 1.454x10-4 *** 
***: P<0.001; **: 0.001<P<0.01; *:0.01<P < 0.05. In the lower part of the table, the estimates that can be used 
directly from raw data on total body length (Length, in mm) and the number of eggs or offspring per female and 
per breeding event (Fecundity). The sampling scale is in m, and can valuably be set at 7300 m.  
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Figure 4. Proportion of amphibian species with different vagility, as evidenced from field 
surveys (in Smith & Green 2005: white bars, N=159; this study: grey bars, N=37) or as 
predicted in this study from a linear model (black bars, N=87). 
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Discussion 
 
Vagility of species is an outstanding criterion to assure metapopulation functioning and 
therefore is a key parameter for conservation decisions. Indeed, the vagility ability of a species 
might indicate and determine the spatial scale of both population's spatial structure (Bowler & 
Benton 2005; Thomas & Kunin 1999; Wiens 1989) and population's dynamics (for example in 
plants see Freckleton & Watkinson 2002). Here, we showed that this trait was rarely measured 
for European amphibians: we were able to find maximal displacements for less than half the 
species. Currently, more precise estimates like dispersal kernels are available for only a 
handful of species. Our analysis, however, strongly suggest that the vagility of amphibians is 
sufficiently strongly related to their morphological and demographic traits to allow predicting 
its value from these traits. Moreover, this pattern is relatively independent of the phylogenetic 
context, as shown by the outperformance of LM relatively to PGLS, so that conservation actors 
can use the simpler methodology of linear modeling to infer unknown vagility and assist 
decision making, reserve site selection and reserve site improvements.  
 
 Generally, amphibian vagility correlated with body shape, a relationship that, if causal, 
indicates that loosing its tail at metamorphosis or having relatively long legs can be 
advantageous to overland displacements. Phillips et al. (2006) evidenced the causality of the 
vagility/leg length relationship in cane toads at expanding fronts, where both traits evolved 
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jointly. The shape/vagility relationship might hence be causal, a question that however requires 
further investigation. 
 
The negative association between vagility and size at metamorphosis (that was 
correlated with the second axis in our PCA) is counter-intuitive given the general positive 
relationship between body size and vagility (see examples in other taxa in Bradbury et al. 
2008; Paradis et al. 1998; Sekar 2012; Stevens et al. 2012; Sutherland et al. 2000). However, 
together with the relationship between vagility and fecundity or age at maturity, it might 
indicate that strong vagility evolved as a means to cope with unstable habitats. Such 
relationships, classical of the ‘fugitive species’ syndrome (Tilman 1994), were observed among 
butterflies, where dispersal ability was positively related to several traits pertaining to 
individual turnover in populations (Stevens et al. 2012). Although we noticed a general 
association between amphibian vagility and several traits allowing their life in ephemeral 
habitats, we have too little data to directly test the relationship with habitat stability.  
 
The relationship between vagility and fecundity is important for conservation because 
both traits support species invasiveness. Their positive association across species indicates that 
a syndrome of invasiveness (with high power of colonization and range expansion) may evolve 
at expanding fronts. This cocktail of high fecundity and high vagility occurs in Lithobates 
catesbeianus and probably participated to its invasive success in Europe.  
 
 In line with previous reports (e.g. Rittenhouse & Semlitsch 2007; Smith & Green, 
2005), we showed that anurans have generally higher vagility than urodels (both in 
observations and in predictions). Smith & Green (2005) showed that most amphibians do not 
move very long distances, but some anurans were able to move more than 10km (examples of 
>30 km moves in North-American species are found in Freeland & Martin 1985; Funk & 
Dunlap 1999). Some European anurans were also capable to perform very long distances (up to 
15km in Pelophylax lessonae: Tunner 1992). Apart this dichotomy between orders, it is 
difficult to generalize the pattern of amphibian vagility along phylogenies. Further, the paucity 
of data did not permit us to model how traits combine at order level, and we obtained very 
large confidence intervals for slopes in averaged models. 
 
 Threatened species have lower observed vagility than species of least conservation 
concern. Threatened species with low vagility abilities thus probably will be more affected by a 
given level of habitat fragmentation, through the rupture of functional connectivity among their 
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local populations and the consecutive unbalance in extinction/colonizations in their 
metapopulations (Cushman 2006). Even if some of these threatened species are spatially-
restricted, and dispersal may be a less critical feature of their life history, the current climate 
change demands an appropriate response of those species. This can either be the local 
adaptation of species, or the shift of their distribution (Thomas et al. 2004). Threatened species 
appear to be less well disposed to track their shifting climate niche, because they have modest 
vagility. Identifying and considering explicitly their displacement ability is the needed step 
toward efficient conservation actions.  
 
The question of whether a high vagility predisposes species to vulnerability has been 
widely debated. Generally, it is accepted that a high vagility buffers species against the risk of 
extinction due to fragmentation of habitats by allowing regular dispersal among habitats and to 
reach new suitable habitats in heterogeneous and dynamic landscapes (e.g. Henle et al. 2004; 
Ockinger et al. 2010). This also may explain why vagility is correlated with threat status and 
not with population trends. The association between vagility and conservation status was lost 
when all 87 species and their predicted vagility were considered maybe due to the missing data 
on vagility abilities in threatened species (Fig. 1). However, the predicted vagility gradually 
decreased along the three lower threat categories (least concern, near threatened and 
vulnerable; Appendix S5), but became highly variable among endangered and critically 
endangered species. Hence, our interpretation should be considered with caution, as additional 
field data would be needed to verify our notion: vagility was rarely reported for endangered 
European Amphibians (Fig. 1).  
 
Performances and limits of the inferences 
 
Our study reaches the same conclusion as others that used different approaches (Blaustein et al. 
1994; Semlitsch & Bodie 2003; Smith & Green 2005): most amphibians have modest 
displacement abilities, with consistently more than 25% of the species reported to move less 
than 400m, and the majority moving less than 5 km. A substantial proportion of species 
however may move more than 5 km. Marsh & Trenham (2001) and Smith & Green (2005) 
already reported that long-distance dispersal is not uncommon in amphibians. The pattern of 
predicted vagility confirms this distribution, with a lot of low-vagility species, but also a 
substantial proportion of high-vagility species. The frequency of species with either a very low 
or very large vagility, as determined by our predictive model, were lower than those reported 
from field surveys (see Fig. 4). This suggests that our model might perform less well for 
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extreme values of vagility and that the frequency of bad and good dispersers was 
underestimated, although we cannot discard the possibility that field studies were skewed to 
these species. 
 
Generally, the two methods developed allow inferring vagility of amphibians quite 
well, but the inferences obtained with the information on traits dependency are far more precise 
and correct than those obtained from the phylogenetic information. Although both give a 
reasonably good approximation of vagility, the confidence intervals of the predictions are 
much larger with phylogenetic substitutions than with the linear model, and LMs should be 
preferred if one wishes to infer unknown displacement ability. For example, for three species 
belonging to the genus Rana, phylogenetic substitutions yields extremely large confidence 
intervals for vagility, which precludes the use of closely related species as a surrogate for 
vagility in this highly diversified, but phylogenetically poorly resolved genus.  
 
In contrast, our linear models appear to deliver vagility approximations with a good 
precision, as shown by the higher slope of the regression of predicted versus observed 
regression and the smaller confidence intervals. Further, the selected model only requires two 
easily collectable parameters, the total body length and the fecundity suggesting that our 
method could be of general interest for conservation practitioners. However, we need to stress 
that we took advantage of observed correlations among traits, without consideration of their 
causality or strength. We insist that these correlations may be indirect, and were retained on the 
criteria that they are well informed for most species and sufficient to predict accurately their 
vagility. Other traits might however be more strongly or more directly related to vagility and 
were discarded because they were less well informed. We believe that other traits might 
perform as well to predict vagility of amphibians, given the strong correlations observed 
between dispersal and a large variety of traits in other taxa (e.g. Bradbury et al. 2008; Dawideit 
et al. 2009; Stevens et al. 2012), indicating that dispersal is probably a full part of life-history 
strategies, which makes its relation with other traits predictable (Stevens et al. 2012). Apart the 
model that we finally used, concurrent models based on a wider variety of traits also performed 
well at predicting vagility. We believe that, provided that other traits will become available for 
more species, other combinations of a few traits could probably predict dispersal as well, 
although this can not be tested formally here. 
 
 The validation with amphibians of other continents was necessary for a general 
application of our model, and it confirms that the model may be used for species outside 
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Europe. This validation also confirms that the model can predict vagility without the putatively 
informative data of sampling scale (see above), as the prediction for North-American species 
shown in Fig 2A did not make use of this information. Nevertheless, we would like to point out 
that the construction of our model did not include cave-dwelling species. It might hence not 
apply to such species because vagility may have evolved in response to characteristics of the 
environment, and hence it might have followed diverging evolutionary routes in cave-dwellers 
and in other amphibians, possibly resulting in diverging patterns of correlations among traits 
between both groups. 
 
Our study showed the importance of investigating dispersal/life-history relationships 
that may help predicting probable values of vagility for species where it is unknown. However, 
we ignored here the variation of trait values within species due to a lack of data. That variation 
may be large, particularly for dispersal (see Stevens et al. 2010). Within-species variation in 
vagility, as well as in other traits, may result from variation in the selection on these traits 
along environmental gradients (like latitude: Alho et al. 2011), at invasion fronts (see Phillips 
et al. 2006) or between sexes (sexual polymorphism is ubiquitous in morphology and also in 
movement abilities: e.g. Austin et al. 2003; Berven & Grudzien 1990; Palo et al. 2004). We 
recommend considering the possibility of local adaptation in movement ability and other traits, 
especially when we are to infer vagility for species experiencing recent change in 
environmental pressures, like after invasion into new areas. In that case, vagility inferences 
should be cautious and should use locally-measured traits to feed the model.  
 
Conclusion 
 
Despite the limits of our predictive model, we believe that it can yield good approximations of 
species vagility. Information about displacement abilities (both dispersal and migration) is 
crucial in conservation in amphibian populations and several authors recently asked 
information and/or tools for modelling amphibian spatial dynamics (Marsh & Trenham 2001; 
Semlitsch 1998). For example, Brown et al. (1990) used this measure to delineate terrestrial 
‘‘buffer zones’’, based on spatial requirements of species (i.e. the distance usually moved from 
wetlands), and included this parameter in their recommendations for wildlife protection in 
Florida wetlands. They pointed out that the lack of data for most amphibian species forced 
them to use rough estimates for most species considered. The procedure we identified and 
tested here would provide the conservation actors with valuable and more precise predictions 
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of vagility from only two traits, widely available and easy to collect, which will allow them to 
more adequately incorporating space-use considerations in amphibian conservation planning. 
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Appendix S1. Summary of phylogenic, morphometric and life-history traits variables used for 87 amphibians species [Taxa: A for Anurans and 
U for Urodels, adult body mass (Mass), male snout-to-vent length (SVL_M), female snout-to-vent length (SVL_F), adult size (SVL_ad), total 
length (Length), hind limb length (HLL), sexual maturity (Maturity), size at metamorphosis (SVL_Meta), number of eggs per clutch (Fecundity) 
and maximum distance of movement found in meters (Mobility)]. Values expected for the life-histories have been averaged between studies (i.e. 
between populations). Species in bold have available mobility data. * for introduced species. 
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References 
Alytes cisternasii  7 A NT  36.75 38.38 37.56 37.56 45.28 2.00 25.00 60  1, 2, 3, 4, 5, 6, 7 
Alytes dickhilleni 2 A VU  44.70  47.17 47.17  2.00 25.00 40  4, 8 
Alytes muletensis 3 A VU  34.70 35.65 35.18 35.18  3.00  20  4, 7, 9 
Alytes obstetricans 12 A LC 11.70 45.05 49.57 47.31 47.31 58.61 2.50 26.50 70 500.00 
2, 3, 5, 6, 10, 
11, 12, 13, 14, 
15, 16, 17 
Bombina bombina 6 A LC 3.07 38.89 40.00 39.44 39.44 52.00 1.00 15.00 300 230.00 4, 6, 18, 19, 20, 21 
Bombina pachypus 2 A EN  45.75 45.25 45.50 45.50 50.75   300 230.00 6, 19 
Bombina variegata 16 A LC 6.32 45.08 44.34 44.71 44.71  1.50 13.90 170 4500.00 
4, 11, 13, 21, 
22, 23, 24, 25, 
26, 27, 28, 29, 
30, 31, 32, 33 
Bufo bufo 24 A LC 76.54 66.11 88.46 77.28 77.28 112.65 3.00 11.75 10000 4000.00 
4, 5, 6, 11, 13, 
14, 15, 19, 26, 
30, 34, 35, 36, 
37, 38, 39, 40, 
41, 42, 43, 44, 
48, 49, 50 
Bufo mauritanicus 2 A LC  132.00 150.00 141.00 141.00   12.00 10000  12, 48 
Discoglossus galganoi 3 A LC 18.50 54.85 49.20 52.03 52.03  4.00 10.00 1500  4, 7, 49 
Discoglossus jeanneae 2 A NT  39.50 40.70 40.10 40.10    1500  4, 50, 51 
Discoglossus montalentii 2 A NT    60.00 60.00    1000  11, 52 
Discoglossus pictus 6 A LC 15.85 56.49 47.86 52.18 52.18 85.00 4.00 10.00 1500 1530.00 4, 6, 11, 53, 54, 55 
100
Discoglossus sardus 5 A LC  54.60 55.50 55.05 55.05  3.00 15.25 1000  4, 11, 52, 56, 57 
Epidalea calamita 14 A LC 50.22 59.03 67.13 63.08 63.08 68.17 3.00 9.66 4000 4411.00 
4, 11, 13, 15, 
25, 26, 56, 58, 
59, 60, 61, 62, 
63, 66 
Hyla arborea 14 A LC 6.04 41.19 44.03 42.61 42.61 60.84 1.00 18.00 1400 12570.00 
4, 5, 11, 13, 15, 
58, 66, 67, 68, 
69, 70, 71, 72, 
73 
Hyla intermedia 5 A LC 6.28 38.03 43.93 40.98 40.98  1.00 20.00 1400 12600.00 4, 57, 58, 67, 74 
Hyla meridionalis 6 A LC 3.11 38.59 39.45 39.02 39.02 65.02 1.00 14.80 1000  7, 11, 12, 13, 58, 75 
Hyla sarda 4 A LC    35.60 35.60  1.00 20.00 1000 12600.00 11, 26, 57, 67 
Lithobates catesbeianus* 12 A LC 368.47 134.74 135.53 135.14 135.14 188.92 1.50 95.00 25000 1600.20 
4, 5, 11, 13, 15, 
26, 76, 77, 78, 
79, 80, 81 
Pelobates cultripes 7 A LC 21.60 65.90 70.18 68.04 68.04 88.65 3.00 30.45 2500  4, 6, 11, 13, 56, 82, 83 
Pelobates fuscus 10 A LC 21.30 48.91 57.13 53.02 53.02 78.00 1.50 40.00 2500 500.00 
4, 5, 6, 11, 19, 
26, 84, 85, 86, 
87 
Pelobates syriacus 1 A CR    90.00 90.00  2.00 25.00 4000  4 
Pelodytes ibericus 3 A EN 3.98 35.17 40.72 37.95 37.95 55.85 1.00 20.00 350  4, 88, 89 
Pelodytes punctatus 6 A NT  36.67 43.31 45.88 45.88 63.67 1.00 20.00 1500  4, 11, 13, 15, 58, 89 
Pelophylax bedriagae 2 A VU  58.80 61.70 60.25 60.25  2.00  10000  4, 90 
Pelophylax bergeri 1 A LC  50.00 57.50 53.75 53.75   25.00 3000  4 
Pelophylax cerigensis 2 A LC    62.25 62.25    15000  4, 91 
Pelophylax cretensis 2 A NT    72.30 72.30    15000  4, 92 
Pelophylax epeiroticus 5 A LC 48.80 72.42 83.98 78.20 78.20  1.00  2575  4, 93, 94, 95, 96 
Pelophylax esculentus 11 A LC 36.90 79.71 97.88 88.79 88.79 142.75 3.00 27.33 10000 15000.00 
4, 6, 14, 15, 18, 
97, 98, 99, 100, 
101, 102 
Pelophylax grafi 3 A LC    92.50 92.50    10000  4, 26, 97 
Pelophylax hispanicus 2 A LC    100.00 100.00    10000  4, 51 
Pelophylax kurtmuelleri 2 A LC    100.00 100.00  2.00  10000  4, 51 
Pelophylax lessonae 13 A LC 30.80 54.45 60.25 57.35 57.35 90.79 3.00 25.00 4000 15000.00 
4, 6, 14, 15, 26, 
97, 98, 99, 100, 
101, 103, 104, 
101
105 
Pelophylax perezi 5 A LC 21.56 50.33 61.60 55.96 55.96  2.00 27.30 10000  4, 5, 26, 97, 106 
Pelophylax ridibundus 14 A EN 35.53 72.24 87.88 80.06 80.06 142.75 2.00 23.13 16000 1760.00 
4, 14, 15, 58, 
97, 99, 100, 
102, 107, 108, 
109, 110, 111, 
112 
Pelophylax shqipericus 2 A LC  70.60 73.80 72.20 72.20    3000  4, 113 
Pseudepidalea balearica 2 A LC 26.64 67.00 64.66 65.83 65.83  4.00 16.00 15000 3621.00 51, 114 
Pseudepidalea sicula 1 A LC         15000 3621.00 51 
Pseudepidalea variabilis 1 A DD         15000 3621.00 51 
Pseudepidalea viridis 13 A LC 33.18 69.95 78.77 74.36 74.36 92.75 3.00 18.50 15000 10000.00 
4, 11, 12, 26, 
30, 51, 58, 90, 
115, 116, 117, 
118, 119 
Rana arvalis 6 A LC  63.25 60.25 61.75 61.75 101.13 3.00 16.25 3000 640.00 4, 11, 15, 19, 58, 120 
Rana dalmatina 10 A LC 20.99 49.17 64.57 56.87 58.35 113.25 3.00 19.00 1800 1700.00 
4, 11, 13, 15, 
30, 46, 58, 121, 
122, 123 
Rana graeca 2 A LC  51.75 58.00 54.88 54.88 98.75 3.00  800  4, 58 
Rana iberica 4 A NT 6.03 37.71 45.09 41.40 41.40 84.00  13.00 450  4, 5, 58, 123 
Rana italica 1 A LC    60.00 60.00    2000  4, 51 
Rana latastei 4 A VU  42.42 45.44 43.93 43.93 100.84 3.00 15.00 400 150.00 4, 58, 124, 125 
Rana pyrenaica 6 A EN  38.50 43.00 40.75 40.75   12.00 150  4, 11, 13, 26, 126, 127 
Rana temporaria 19 A LC 42.24 69.45 70.83 70.14 70.14 122.25 3.00 13.75 4000 10000.00 
4, 5, 11, 13, 14, 
15, 19, 26, 44, 
58, 120, 121, 
126, 128, 129, 
130, 131, 132, 
133 
Xenopus laevis* 6 A LC 33.41 62.49 73.30 67.90 67.90  2.00 15.00 2500 1500.00 5, 11, 26, 134, 135, 136 
Atylodes genei 6 U VU 3.92 53.29 49.00 51.15 98.24 16.33  20.00 10  4, 138, 139, 140, 141, 142 
Calotriton arnoldi 3 U CR  58.95 58.45 58.70 103.95 18.27   20  139, 142, 143 
Calotriton asper 14 U NT 6.62 64.97 61.67 63.32 116.70 16.50 3.00 53.38 30 50.00 
4, 11, 13, 139, 
140, 141, 144, 
145, 146, 147, 
148, 149, 150, 
102
151 
Chioglossa lusitanica 8 U VU 2.00 45.09 45.94 45.51 159.00 14.04 4.00 70.00 20 700.00 
4, 139, 140, 
141, 152, 156, 
157, 158 
Euproctus montanus 5 U LC 2.50 56.00 58.00 57.00 116.50 20.50 3.00 50.85 60  4, 7, 139, 141, 157 
Euproctus platycephalus 5 U EN 4.00 59.85 43.55 51.70 120.00 16.50 2.50 60.00 220  4, 139, 141, 157, 158 
Lissotriton boscai 9 U LC 1.77 32.18 38.12 35.15 72.49 13.50 3.00 32.95 250  
4, 139, 140, 
141, 159, 161, 
162, 163, 164 
Lissotriton helveticus 14 U LC 1.30 34.50 39.64 37.07 77.24 14.00 2.00 35.00 460 400.00 
4, 11, 13, 15, 
26, 59, 139, 
140, 141, 150, 
163, 164, 165, 
166 
Lissotriton italicus 4 U LC 0.98    67.28   25.00 400  4, 139, 159, 167 
Lissotriton montandoni 7 U LC 2.15 38.79 45.04 41.91 83.85 14.17 3.00 30.00 250  
4, 139, 140, 
141, 159, 168, 
169 
Lissotriton vulgaris 28 U LC 2.68 39.98 41.38 40.68 84.23 14.50 2.88 39.67 300 800.00 
4, 11, 14, 15, 
18, 19, 26, 44, 
59, 139, 140, 
141, 150, 164, 
169, 172, 173, 
174, 175, 176, 
177, 178, 179, 
180, 181, 182, 
183, 184 
Lyciasalamandra helverseni 2 U VU     140.00  3.00  2  139, 182 
Lyciasalamandra luschani 6 U VU  62.83 61.34 62.08 118.65 22.19 3.00  2  4, 140, 184, 185, 186, 187 
Mesotriton alpestris 19 U LC 2.96 45.59 53.84 49.72 95.06 17.00 3.00 47.86 260 1500.00 
4, 11, 14, 15, 
19, 26, 59, 140, 
141, 142, 151, 
164, 165, 176, 
188, 189, 190, 
191, 192 
Pleurodeles waltl 8 U NT 25.20 87.40 82.25 84.83 218.30 33.50 1.50 49.38 1400 200.00 
4, 7, 12, 140, 
141, 142, 177, 
193 
Proteus anguinus 7 U VU 13.20   169.90 257.00 17.60 7.00 38.00 70  4, 140, 141, 103
142, 148, 149, 
194 
Salamandra algira 2 U VU     226.00    18  12, 140 
Salamandra atra 8 U LC  66.95 71.23 69.09 117.00 23.50 3.00 47.50 11 30.00 
4, 11, 140, 141, 
142, 151, 195, 
196 
Salamandra corsica 3 U LC     200.00  6.00 55.50 23  26, 140, 197 
Salamandra lanzai 6 U VU 12.20 82.55 83.68 83.11 138.00  5.00 55.00 6 21.00 11, 26, 140, 198, 199, 200 
Salamandra salamandra 15 U LC 35.23 129.75 155.25 142.50 175.25 41.00 3.00 63.25 54 503.00 
11, 13, 14, 15, 
19, 140, 141, 
142, 151, 200, 
201, 202, 203, 
204, 205 
Salamandrina perspicillata 6 U LC  31.00 40.33 35.66 92.95 11.50 4.00 27.50 60 315.00 140, 142, 206, 207, 208, 209 
Salamandrina terdigitata 4 U LC    33.31 94.00 10.68  30.00 60  4, 140, 141, 208 
Speleomantes ambrosii 3 U NT 2.26 53.31 55.93 54.62 125.00 17.01 4.00 20.00 10  4, 139, 140 
Speleomantes flavus 3 U VU  60.00 63.92 61.96 112.50 21.25  20.00 10  4, 139, 140 
Speleomantes imperialis 3 U NT 3.92 60.85 62.16 61.51 121.61 21.07  20.00 10  4, 139, 140 
Speleomantes italicus 4 U NT 2.88 52.20 56.23 54.22 94.61 17.32  20.00 10  4, 139, 140, 141 
Speleomantes sarrabusensis 1 U VU        20.00 10  4 
Speleomantes strinatii 5 U NT  58.48 63.59 61.03 119.50  3.00 25.00 11  4, 11, 26, 140, 211 
Speleomantes supramontis 3 U EN 5.08 60.47 63.60 62.04 116.59 20.99 2.50 20.00 10  4, 139, 140 
Triturus carnifex 10 U LC 8.84 70.19 72.28 71.24 144.42  2.90  400 299.00 
4, 18, 36, 140, 
160, 176, 197, 
212, 213, 214 
Triturus cristatus 26 U LC 7.34 64.33 69.28 66.81 140.05 26.50 2.67 61.25 400 1290.00 
4, 11, 15, 18, 
19, 26, 44, 56, 
59, 140, 141, 
142, 151, 160, 
165, 173, 174, 
175, 176, 177, 
181, 215, 216, 
217, 218, 219 
Triturus dobrogicus 8 U NT 4.70 62.99 66.69 64.84 132.08 20.01 3.20 35.00 250  
4, 18, 85, 140, 
160, 176, 177, 
220 
Triturus karelinii 9 U LC  68.84 71.12 69.98 136.89 25.94 4.00 40.00 250  4, 140, 142, 
104
160, 176, 177, 
221, 222, 223 
Triturus marmoratus 15 U LC 8.91 65.74 72.43 69.08 138.30 28.00 4.17 43.13 400 146.00 
4, 11, 13, 18, 
26, 56, 140, 
142, 160, 164, 
215, 216, 217, 
224, 225 
Triturus pygmaeus 7 U NT 2.94 49.49 43.90 46.70 101.07 18.55 2.00 46.50 150  
4, 140, 141, 
160, 224, 226, 
227 
Number of missing values 38 18 19 7 3 35 24 22 1 50  
 
Literature Cited 
 
1.        Márquez, R. 2009. Sapo partero ibérico – Alytes cisternasii. En: Enciclopedia Virtual de los Vertebrados Españoles. Salvador, A. (Ed.). Museo Nacional de Ciencias Naturales, 
Madrid. Available from http://www.vertebradosibericos.org/ (accessed Oct 2010) 
2.        Bosch, J. and R. Márquez. 1996. Discriminant functions for sex identification in two midwife toads (Alytes obstetricans and A. cisternasii). Herpetological Journal 6: 105-109 
3.        Márquez, R. 1996. Egg Mass and Size of Tadpoles at Hatching in the Midwife Toads Alytes obstetricans and Alytes cisternasii: Implications for Female Choice. Copeia 4: 824-831 
4.        Arnold, N. and D. Ovenden. 2002. Le guide herpéto: 199 amphibiens et reptiles dʼEurope. Les guides du naturaliste. 288pp. Paris, France 
5.        Monnet, J.M. and M.I. Cherry. 2002. Sexual size dimorphism in anurans. Proceedings Of The Royal Society Of London Series B-Biological Sciences 269: 2301-2307 
6.        Boulenger, G.A. 1897. The tailless Batrachians of Europe, Part I. 210pp. London, UK 
7.        AmphibiaWeb. 2010. Information on amphibian biology and conservation. Berkeley, California: AmphibiaWeb. Available from http://amphibiaweb.org/ (accessed Oct 2010) 
8.        Salvador, A. 2009. Sapo partero bético – Alytes dickhilleni. En: Enciclopedia Virtual de los Vertebrados Españoles. Salvador, A. (Ed.). Museo Nacional de Ciencias Naturales, 
Madrid. Available from http://www.vertebradosibericos.org/ (accessed Oct 2010) 
9.        Dyson, M.L., S.L. Bush and T.R. Halliday. 1998. Phonotaxis by Female Majorcan Midwife Toads, Alytes muletensis. Behaviour 135: 213-230 
10.      Bosch, J. and R. Márquez. 2000. Tympanum Fluctuating Asymmetry, Body Size and Mate Choice in Female Midwife Toads (Alytes obstetricans). Behaviour 137: 1211-1222 
11.      Miaud, C. and J. Muratet. 2004. Identifier les œufs et les larves des amphibiens de France. 200pp. Paris, France 
12.      Salvador, A. 1996. Amphibians of Northwest Africa. Departamento de Ecologia Evolutiva Museo Nacional de Ciencias Naturales 109: 1-41 
13.      Cistude Nature. 2010. Guide des Amphibiens et Reptiles d’Aquitaine. 180pp. France. Available from http://www.cistude.org (accessed Oct 2010) 
14.      Weiserbs, A. and J.-P. Jacob. 2005. Amphibiens et Reptiles de la région de Bruxelles-Capitale. 107pp. Bruxelles, Belgium 
15.      Agence de lʼeau Artois Picardie. 2003. Partez à la rencontre de la biodiversité: les amphibiens et les reptiles liés à lʼeau du bassin Artois-Picardie. 36pp. France 
16.      Laan, R. and B. Verboom. 1986. Nieuwe poelen voor amfibieên; Aanbevelingen voor aanleg en onderhoud. Report 269, Department of Animal Ecology, Nijmegen University and 
of Research Institute for Nature Management. Nijmegen, The Netherlands 
17.      Bosch, J. 2009. Sapo partero común – Alytes obstetricans. En: Enciclopedia Virtual de los Vertebrados Españoles. Salvador, A. (Ed.). Museo Nacional de Ciencias Naturales, 
Madrid. Available from http://www.vertebradosibericos.org/ (accessed Oct 2010) 
18.      Cogalniceanu, D. and C. Miaud. 2003. Population age structure and growth of four syntopic amphibian species inhabiting a large river floodplain. Canadian Journal of Zoology 81: 
1096-1106 
19.      Kovar, R., M. Brabec, R. Vita and R. Bocek. 2009. Spring migration distances of some Central European amphibian species. Amphibia- Reptilia 30: 367-378 
20.      Cogalniceanu, D. and C. Miaud. 2003. Variation in life history traits in Bombina bombina from the lower Danube floodplain. Amphibia-Reptilia 25: 115-119 
21.      Szymura, J.M. and N.H. Barton. 1986. Genetic Analysis of a Hybrid Zone Between the Fire-Bellied Toads, Bombina bombina and B. variegata, Near Cracow in Southern Poland. 
Evolution 40: 1141-1159 
22.      Pichenot, J. 2008. Contribution à la Biologie de la Conservation du Sonneur à ventre jaune (Bombina variegata L.) Écologie spatiale et approche multi-échelles de la sélection de 
l’habitat en limite septentrionale de son aire de répartition. Thesis. 191pp. France 105
23.      Vukov, T.D., G. Dzukic, S. Lelo, L.J. Borkin, S.N. Litvinchuk and M.L. Kalezic. 2006. Morphometrics of the yellow-bellied toad (Bombina variegata) in the Central Balkans: 
implications for taxonomy and zoogeography. Zoological Studies 45: 213-222 
24.      Seidel, B. 1999. Water-wave Communication between Territorial Male Bombina variegata (L.) 1758 (Anura:Bombinatoridae). Journal of Herpetology 33: 457-462 
25.      Morand, A. 1997. Stabilité relative des habitats de développement larvaire et de reproduction de Bombina variegata et Bufo calamita: lʼinsuffisance des Modèles r-K et r-K-A. 
Geobios 30: 23-36 
26.      Collectif de l’Acemav. 2003. Les amphibiens de France, Belgique et Luxembourg. Collection Parthénope. 480pp. Mèze, France 
27.      Beshkov, V.A. and D.L. Jameson. 1980. Movement and abundance of the yellow-bellied toad Bombina variegata. Herpetologica 36: 365-370 
28.      Barandun, J. and H.U. Reyer. 1998. Reproductive ecology of Bombina variegata: Habitat use. Copeia 2: 297-500 
29.      Hartel, T. 2008. Movement activity in a Bombina variegata population from a deciduous forested landscape. North-Western Journal of Zoology 4: 79-90 
30.      Cabela, A. and L. Girolla. 1994. Die Erstbesiedlung des Marchfeldkanals durch Amphibien. Herpetozoa 7: 109-138 
31.      Herrmann, D. 1996. Aktionsraum und Biotopverbund in südniedersächsischen Gelbbauchunken-Populationen. Naturschutzreport 11: 63-68 
32.      Abbühl, R. and H. Durrer. 1996. Habitatpräferenz und Migrationsverhalten bei der Gelbbauchunke (Bombina variegata variegata) in einer seminatürlichen Versuchsanlage. 
Salamandra 32: 23-30 
33.      Jehle, R. and U. Sinsch. 2007. Wanderleistung und Orientierung von Amphibien: eine Übersicht. Zeitschrift für Feldherpetologie 14: 137-152 
34.      Gittins, S.P. 1983. Population dynamics of the common toad (Bufo bufo) at a lake in Mid-Wales. Journal of Animal Ecology 52: 981-988 
35.      Vignes, J.C. 2009. Quelques caractéristiques biologiques de la reproduction du Crapaud commun (Bufo bufo L .) au Pays Basque. Munibe (Ciencias Naturales-Natur Zientziak) 57: 
147-162 
36.      Jovanovic, M. 2009. Amphibia and Reptilia of Stoj plao (Ulcinj, Montenegro). Bulletin of the Natural History Museum 2: 137-152 
37.      Haapanen, A. 1974. Site tenacity of the common toad, Bufo bufo (L). Annales Zoologici Fennici 11: 251-252 
38.      Heusser, H. 1969. Die lebensweise der erdkrote (Bufo bufo L.). Das orientierungsproblem. Revue suisse de zoologie 76: 444-517 
39.      Moore, H.J. 1954. Some observations on the migration of the toad, (Bufo b. bufo). British Journal of Herpetology 1: 194-224 
40.      Parker, A.G. and S.P. Gittins. 1979. A note on home range in the common toad in mid-Wales and a method for tracking toads for behavioural observation. British Journal of 
Herpetology 6: 7-8 
41.      Sinsch, U. 1989. Migratory behaviour of the common toad Bufo bufo and the natterjack toad Bufo calamita. Amphibians and roads proceedings of the toad tunnel conference 113-
125 
42.      Reading, C.J., J. Loman and T. Madsen. 1991. Breeding pond fidelity in common toads, Bufo bufo. Journal of Zoology 225: 201-211 
43.      Sinsch, U. 1988. Seasonal changes in the migratory behaviour of the toad Bufo bufo : direction and magnitude of movements. Oecologia 78: 390-398 
44.      Baker, J.M.R. and T.R. Halliday. 1999. Amphibian colonization of new ponds in an agricultural landscape. Herpetological Journal 9: 55-63 
45.      Tomašević, N., D. Cvetković, C. Miaud, I. Aleksić and J. Crnobrnja-Isailović. 2008. Interannual variation in life history traits between neighbouring populations of the widespread 
amphibian Bufo bufo. Revue d’Écologie (la Terre and la Vie) 63: 371-381 
46.      Hettyey, A., J. Török and G. Hévizi. 2005. Male Mate Choice Lacking in the Agile Frog, Rana dalmatina. Society 2: 403-408 
47.      Natura&Biodiversité. 2011. La Roche-sur-Yon. France. Available from http://biodiversite.ville-larochesuryon.fr (accessed Oct 2010) 
48.      Vaucher, P.Y. 2011. Batraciens et Reptiles du Monde. Depot.com and IDDN Certification. Available from http://www.batraciens-reptiles.com/ (accessed Oct 2010) 
49.      Martínez-Solano, I. 2009. Sapillo pintojo ibérico - Discoglossus galganoi. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. 
Available from http://www.vertebradosibericos.org/ (accessed Oct 2010) 
50.      Martínez-Solano, I. 2009. Sapillo pintojo meridional – Discoglossus jeanneae. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, 
Madrid. Available from http://www.vertebradosibericos.org/ (accessed Oct 2010) 
51.      Nöllert, A. and C. Nöllert. 2003. Guide des Amphibiens d’Europe : biologie, identification et répartition. 299pp. Paris, France 
52.      Bensettiti, F. and V. Gaudillat. 2004. Cahiers dʼhabitats Natura 2000. Connaissance et gestion des habitats et des espèces d'intérêt communautaire. Tome 7 : Espèces animales. 
353pp. Paris, France 
53.      Brunet, P., D. Sanuy, N. Oromí, M. Ait Hammou and W. Dahmani. 2009. Anuran Studies from Tiaret region, north-west of Algeria. Boletín de la Asociación Herpetológica 
Española 20: 68-72 
106
54.      Montori, A., G.A. Llorente, A. Richter-Boix, D. Villero, M. Franch and N. Garriga. 2007. Potential effects of the invasive Discoglossus pictus on native species. Munibe society of 
science 25: 14-27 
55.      Martínez-Solano, I. 2009. Sapillo pintojo mediterráneo – Discoglossus pictus. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, 
Madrid. Available from http://www.vertebradosibericos.org/ (accessed Oct 2010) 
56.     Grillas, P., P. Gauthier, N. Yavercovski and C. Perennou. 2004. Les mares temporaires méditerranéennes volume 2 fiches espèces. Station biologique de la Tour du Valat. 130pp. 
France 
57.      Grossenbacher, K. and W. Böhme. 2009. Handbuch der Reptilien und Amphibien Europas, Band 5/II. 503pp 
58.      Boulenger, G.A. 1897. The tailless Batrachians of Europe, Part II. 200 pp. London, UK 
59.      Jacob, J.-P., C. Percsy, H. de Wavrin, E. Graitson, T. Kinet, M. Denoël, M. Paquay, N. Percsy and A. Remacle. 2007. Amphibiens et Reptiles de Wallonie. Aves – Raînne et 
Centre de Recherche de la Nature, des Forêts et du Bois (MRW - DGRNE), Série « Faune - Flore - Habitats » n° 2. 384pp. Namur, France 
60.      Miaud, C., D. Sanuy, and J.N. Avrillier. 2000. Terrestrial movements of the natterjack toad Bufo calamita (Amphibia, Anura) in a semi-arid, agricultural landscape. Amphibia-
Reptilia 21: 357-369 
61.      Sinsch, U. 1988. Temporal Spacing of Breeding Activity in the Natterjack Toad, Bufo calamita. Oecologia 76: 399-407 
62.      Sinsch, U. 1997. Postmetamorphic dispersal and recruitment of first breeders in a Bufo calamita metapopulation. Oecologia 112: 42-47 
63.      Sinsch, U. 1992. Structure and dynamic of a natterjack toad metapopulation (Bufo calamita). Oecologia 112: 489-499 
64.      Gómez-Mestre, I. 2009. Sapo corredor – Epidalea calamita. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available 
from http://www.vertebradosibericos.org/ (accessed Oct 2010) 
65.      Husté, A., J. Clobert and C. Miaud. 2006. The movements and breeding site fidelity of the natterjack toad (Bufo calamita) in an urban park near Paris (France) with management 
recommendations. Amphibia-Reptilia 27: 561-568 
66.      Meuche, I. and T. Grafe. 2009. Supplementary feeding affects the breeding behaviour of male European treefrogs (Hyla arborea). BMC ecology 9: 1-7 
67.      Stumpel, A.H.P. and G. Hanekamp. 1986. Habitat and ecology of Hyla arborea in The Netherlands. Pages 409-412 In Z. Rocek, editors. Studies in Herpetology. Charles 
University, Prague, Czech Republic 
68.      Vos, C.C., C.J.F. Ter Braak and W. Nieuwenhuizen. 2000. Incidence Function Modelling and Conservation of the Tree Frog Hyla arborea in the Netherlands. Ecological Bulletins 
48: 165-180 
69.      Carlson, A. and P. Edenhamn. 2000. Extinction Dynamics and the Regional Persistence of a Tree Frog Metapopulation. Proceedings of the Royal Society B: Biological Sciences 
267: 1311-1313 
70.      Clausnitzer, C. and H.J. Clausnitzer. 1984. First results of a repopulation of the tree frog Hyla arborea in the district of Celle, Lower Saxony, West Germany. Salamandra 20: 50-
55 
71.      Fog, K. 1993. Migration in the tree frog Hyla arborea. In Ecology and conservation of the European tree frog. DLO Institute for Forestry and Nature Research: Wageningen, The 
Netherlands 
72.      Pellet, J., L. Rechsteiner, A.K. Skrivervik, J.-F. Zürcher and N. Perrin. 2006. Use of the Harmonic Direction Finder to study the terrestrial habitats of the European tree frog (Hyla 
arborea). Amphibia-Reptilia 27: 138-142(2006). 
73.      Márquez, R. and M. Tejedo-Madueno. 1990. Size-based mating pattern in the tree-frog Hyla arborea. Herpetologica 46: 176-182 
74.      Rosso, A., S. Castellano, and C. Giacoma. 2004. Ecogeographic analysis of morphological and life-history variation in the Italian treefrog. Evolutionary Ecology 18: 303-321 
75.      Sillero, N. 2009. Ranita meridional – Hyla meridionalis. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (accessed Oct 2010) 
76.      Ingram, W.M. and E.C. Raney. 1943. Additional studies on the movement of tagged bullfrogs, Rana catesbeiana Shaw. American Midland Naturalist 29: 239-241 
77.      Raney, E.C. 1940. Summer movements of the bullfrog, Rana catesbeiana Shaw, as determined by the jaw-tag method. American Midland Naturalist 23: 733-745 
78.      Willis, Y.L., P.B. Moyle and T.S. Baskett. 1956. Emergence, breeding, hibernation, movements, and transformation of bullfrog, Rana catesbeiana, in Missouri. Copeia 1956: 30-
35 
79.      Boulenger, G.A. 1920. A Monograph of the American Frogs of the Genus Rana. Proceedings of the American Academy of Arts and Sciences 55: 413-480 
80.      Boyd, S.K., K.D. Wissing, J.E. Heinsz and G. S. Prins. 1999. Androgen receptors and sexual dimorphisms in the larynx of the bullfrog. General and Comparative Endocrinology 
113: 59-68 
107
81.      Coïc, C. and M. Détaint. 2001. Invasion de la grenouille taureau (Rana catesbeiana Shaw) en France : Synthèse bibliographique - suivi 2000-2001 - perspectives. 30pp. Cistude 
Nature. France 
82.      Recuero, E. 2010. Sapo de espuelas – Pelobates cultripes. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (accessed Oct 2010) 
83.      Leclair, M.H., J.R. Leclair and J. Gallant. 2005. Application of skeletochronology to a population of Pelobates cultripes (Anura: Pelobatidae) from Portugal. Journal of 
Herpetology 39: 199-205 
84.      Hels, T. 2002. Population dynamics in a Danish metapopulation of spadefoot toads Pelobates fuscus. Ecography 25: 303-313 
85.      Jehle, R., W. Hödl and A. Thonke. 1995. Structure and dynamics of central European amphibian populations: A comparison between Triturus dobrogicus (Amphibia, Urodela) 
and Pelobates fuscus (Amphibia, Anura). Australian Journal of Ecology 20, 362-366 
86.      Graitson E. and J.-P. Jacob (Aves). 2004. Système dʼinformations sur la Biodiversité en Wallonie, observatoire de la Faune, de la Flore et des Habitats. 2011. Available from 
http://old.biodiversite.wallonie.be/ (accessed Oct 2010) 
87.      Eggert, C. 2002. Use of fluorescent pigments and implantable transmitters to track a fossorial toad (Pelobates fuscus). Herpetological Journal 12: 69-74 
88.      Reques, R. 2009. Sapillo moteado ibérico – Pelodytes ibericus. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available 
from http://www.vertebradosibericos.org/ (accessed Oct 2010) 
89.      Sánchez-Herráiz, M.J., L.J. Barbadillo, A. Machordom and B. Sanchiz. 2000. A new species of pelodytid frog from the Iberian Peninsula. Herpetologica 56: 105-118 
90.      Disi, A.M. and Z.S. Amr. 2010. Morphometrics, distribution and ecology of the amphibians in Jordan. Vertebrate Zoology 60: 147-162 
91.      Beerli, P. 1994. Rana cerigensis Beerli, Hotz, Tunner, Heppich, and Uzzell. Version 20 December 1995 (under construction). Available from 
http://tolweb.org/Rana_cerigensis/17503/1995.12.20 in The Tree of Life Web Project (accessed Oct 2010) 
92.      Beerli, P. 1994. Rana cretensis Beerli, Hotz, Tunner, Heppich, and Uzzell. Version 20 December 1995 (under construction). Available from 
http://tolweb.org/Rana_cretensis/17501/1995.12.20 in The Tree of Life Web Project (accessed Oct 2010) 
93.      Tsiora, A. and P. Kyriakopoulou-Sklavounou. 2002. A skeletochronological study of age and growth in relation to adult size in the water frog Rana epeirotica. Zoology 105: 55-60 
94.      Tsiora, A. and P. Kyriakopoulou-Sklavounou. 2002. Female reproductive cycle of the water frog Rana epeirotica in northwestern Greece. Amphibia-Reptilia 23: 269-280 
95.      Tsiora, A. and P. Kyriakopoulou-Sklavounou. 2001. Male reproductive cycle of the water frog Rana epeirotica in northwestern Greece. Amphibia-Reptilia 22: 291-302 
96.      Beerli, P. 1995. Rana epeirotica. Version 20 December 1995 (under construction). Available from http://tolweb.org/Rana_epeirotica/17495/1995.12.20 in The Tree of Life Web 
(accessed Oct 2010) 
97.      Jean, T. 2007. Document pour l’étude et la détermination des Amphibiens du Massif armoricain. CPN des Sittelles (Connaître et Protéger la Nature). 20pp. France 
98.      Tunner, H.G. 1992. Locomotion behavior in water frogs from Neusiedlersee. In Z. Koros and I. Kiss, editors. Proceeding of the sixth ordinary general meeting of the Society for 
European Herpetologists. Hungarian Natural History Museum. 
99.      Krizmanić, I. 2008. Basic morphological characteristics of the Rana (Pelophylax) synklepton esculenta complex in relation to legal regulations in Serbia. Archives of Biological 
Sciences (Belgrade) 60: 629-639 
100.    Tryjanowski, P., T. Sparks, M. Rybacki and L. Berger. 2006. Is body size of the water frog Rana esculenta complex responding to climate change? Naturwissenschaften 93: 110-
113 
101.    Altwegg, R. and H.U. Reyer. 2003. Patterns of natural selection on size at metamorphosis in water frogs. Evolution 57: 872-882 
102.    Holenweg Peter, A.-K. 2001. Dispersal rates and distances in adult water frogs, Rana lessonae, R. ridibunda and their hybridogenetic associate R. esculenta. Herpetologica 57: 
449-460 
103.    Holenweg Peter, A.-K. 2001. Survival in adults of the water frog Rana lessonae and its hybridogenetic associate Rana esculenta. Canadian Journal of Zoology 79: 652-661 
104.    Sjögren, P. 1988. Metapopulation biology of Rana lessonae Camerano on the northern periphery of its range. 35pp. Dissertation. Uppsala University, Uppsala, Sweden 
105.    Sjögren Gulve, P. 1998. Spatial movement patterns in frogs: target-oriented dispersal in the pool frog, Rana lessonae. Ecoscience 5: 31-38 
106.    Egea-Serrano, A. 2009. Rana común – Pelophylax perezi. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (accessed Oct 2010) 
107.    Kyriakopoulou-Sklavounou, P. and N. Loumbourdis. 1990. Annual ovarian cycle in the frog Rana ridibunda in Northern Greece. Journal of Herpetology 24: 185-191 
108.    Kyriakopoulou-Sklavounou, P., S. Panagiota and A. Tsiora. 2008. A skeletochronological study of age, growth and longevity in a population of the frog Rana ridibunda from 
southern Europe. Zoology 111: 30-36 
108
109.    Yilmaz, N., B. Kutrup, U. Çobanoglu and Y. Özoran. 2005. Age determination and some growth parameters of a Rana ridibunda population in Turkey. Acta Zoologica Academiae 
Scientiarum Hungaricae 51: 67-74 
110.    Arıkan, H., K. Olgun, I.E. Çevik and C.V.A. Tok. 1998. Taxonomical Study on the Rana ridibunda PALLAS, 1771 (Anura: Ranidae) Population from Ivriz-Eregli (Konya). 
Turkish Journal of Zoology 22: 181-184 
111.    Budak, A., C.V. Tok, and D. Ayaz. 2000. On specimens of Rana ridibunda Pallas, 1771 (Anura: Ranidae) Collected from Işıklı Lake (Çivril-Denizli). Turkish Journal of Zoology 
24: 135-137 
112.    Ayaz, D., C. V. Tok, A. Mermer, M. Tosunoğlu, M. Afsar and K. Çiçek. 2006. A New Locality for Rana ridibunda caralitana Arıkan, 1988 (Anura: Ranidae) in the Central 
Anatolia. EU Journal of Fisheries and Aquatic Sciences 23: 181-183 
113.    Beerli, P. 1995. Rana shqiperica Hotz, Uzzell, Günther, Tunner and Heppich 1987. Version 20 December 1995 (under construction). Available from 
http://tolweb.org/Rana_shqiperica/17497/1995.12.20 in The Tree of Life Web Project (accessed Oct 2010) 
114.    Salvador, A. 2009. Sapo balear – Pseudepidalea balearica. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available 
from http://www.vertebradosibericos.org/ (accessed Oct 2010) 
115.    Kutrup, B., U. Bülbül and N. Yilmaz. 2006. Effects of the ecological conditions on morphological variations of the green toad, Bufo viridis, in Turkey. Ecological Research, 
Melbourne 21: 208-214 
116.    Hoffman, J. and U. Katz. 1997. Salt and water balance in the toad Bufo viridis during recovery from two different osmotically stressful conditions. Comparative Biochemistry and 
Physiology Part A: Molecular and Integrative Physiology 117: 147-154 
117.    Karakousis, Y. and P. Kyriakopoulou-Sklavounou.1995. Genetic and Morphological Differentiation among Populations of the Green Toad Bufo viridis from Northern Greece. 
Biochemical Systematics and Ecology 23: 39-45 
118.    Castellano, S. and C. Giacoma. 1998. Morphological variation of the green toad, Bufo viridis, in Italy; a test of causation. Journal of Herpetology 32: 540-550 
119.    Castellano, S., M. Cucco and C. Giacoma. 2004. Reproductive investment of female green toads (Bufo viridis). Copeia 2004, 659-664 
120.    Haapanen, A. 1970. Site tenacity of the common frog Rana temporaria L. and the moor frog Rana arvalis Nilss. Annales Zoologici Fennici 7: 61-66 
121.    Lodé, T. 1993. Rythme dʼactivité et déplacements chez la Grenouille agile Rana dalmatina Bonaparte 1840. Bulletin Société Herpétologique de France 67-68: 13-22 
122.    Ponsero, A. and P. Joly. 1998. Clutch size, egg survival and migration distance in the agile frog (Rana dalmatina) in a floodplain. Archiv für Hydrobiologie 142: 343-352 
123.    Weddeling, K., G. Bosbach, M. Hatchel, U. Sander, P. Schmidt and D. Tarkhnishvili. 2005. Egg size versus clutch size: variation and trade-offs in reproductive output of Rana 
dalmatina and R. temporaria in a pond near Bonn (Germany).  Pages 238 – 240 In N. Ananjeva and O. Tsinenko, editors. Herpetologia Petropolitana. St. Petersburg, Russia 
124.    Salvador, A. 2009. Rana patilarga – Rana iberica. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (accessed Oct 2010) 
125.    Guarino, F.M., S. Lunardi, M. Carlomagno and S.A. Mazzoti. 2003. A skeletochronological study of growth, longevity and age at sexual maturity in a population of Rana latastei 
(Amphibia, Anura). Journal of Biosciences 28: 775-782 
126.    Pellitteri-Rosa, D., A. Gentilli, R. Sacchi, S. Scali, F. Pupin, E. Razzetti, F. Bernini and M. Fasola. 2008. Factors affecting repatriation success of the endangered Italian agile frog 
(Rana latastei). Amphibia-Reptilia 29: 235-244 
127.    Serra-Cobo, J., G. Lacroix, and S. White. 1998. Comparison between the ecology of the new European frog Rana pyrenaica and that of four Pyrenean amphibians. Journal of 
Zoology 246: 147-154 
128.    Vieites, D.R. and M. Vences. 2007. Rana pirenaica – Rana pyrenaica. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. 
Available from http://www.vertebradosibericos.org/ (accessed Oct 2010) 
129.    Seitz, A., U. Faller-Doepner and W. Reh. 1992. Radio-tracking of the common frog (Rana temporaria). Pages 484-489. In I.G. Priede and S.M. Swift, editors. Wildlife Telemetry: 
Remote Monitoring and Tracking of Animals. Ellis Horwood Ltd, Chichester, UK 
130.    Cummins, C.P. 1986. Temporal and spatial variation in egg size and fecundity in Rana temporaria. Journal of Animal Ecology 55: 303-316 
131.    Alho, J.S., G. Herczeg, and  J. Merilä. 2008. Female-biased sex ratios in subarctic common frogs. Journal of Zoology 275: 57-63 
132.    Morrison, C. and J.M. Hero. 2003. Geographic variation in life history characteristics of amphibians: a review. Journal of Animal Ecology 72: 270-279 
133.    Lesbarrères, D., D.S. Schmeller, C.R. Primmer and J. Merilä. 2007. Genetic variability predicts common frog (Rana temporaria) size at metamorphosis in the wild. Heredity 99: 
41-46 
109
134.    Safner, T., C. Miaud, O. Gaggiotti, S. Decout, D. Rioux, S. Zundel and S. Manel. 2010. Combining demography and genetic analysis to assess the population structure of an 
amphibian in a human-dominated landscape. Conservation Genetics 12: 161-173 
135.    Smith, E.E., L.H. du Preez, B.A. Gentles, K.R. Solomon, B. Tandler, J.A. Carr, G.J. Van Der Kraak, R.J. Kendall, J.P. Giesy and T.S. Gross. 2005. Assessment of laryngeal 
muscle and testicular cell types in Xenopus laevis (Anura Pipidae) inhabiting maize and non-maize growing areas of South Africa. African Journal of Herpetology 54: 69-76 
136.    Measey, G.J. and R.C. Tinsley. 1998. Feral Xenopus Laevis in South Wales. Herpetological Journal 8: 23-27 
137.    Richards, C.T. 2010. Kinematics and hydrodynamics analysis of swimming anurans reveals striking inter-specific differences in the mechanism for producing thrust. The Journal 
of experimental biology 213: 621-634 
138.    Renzo, S. and , S. Giuliana. 1966. Lʼoviparitàt in Hydromantes genei (Temm, e Schl). Italian Journal of Zoology 33: 283-291 
139.    Lanza, B., V. Caputo, G. Nascetti and L. Bullini. 1995. Morphologic and genetic studies on the European plethodontid salamanders: taxonomic inferences (genus Hydromantes). 
Monografie XVI, Museo Regionale di Scienze Naturali, Torino, Italy 
140.    Raffaëlli, J. 2007. Les Urodèles du monde. 377pp. France 
141.    Wiens, J.J. and J.T. Hoverman. 2008. Digit reduction, body size, and paedomorphosis in salamanders. Evolution and Development 10: 449-463 
142.    Boulenger, G.A. 1882. Catalogue of the Batrachia Gradientia s. Caudata and Batrachia Apoda in the collection of the British Museum, ed. 2. 127pp. London, UK 
143.    Amat, F. and S. Carranza. 2006. Tritón del Montseny - Calotriton arnoldi. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. 
Available from http://www.vertebradosibericos.org/ (accessed Oct 2010) 
144.    Carranza, S. and F. Amat. 2005. Taxonomy, biogeography and evolution of Euproctus (Amphibia : Salamandridae), with the resurrection of the genus Calotriton and the 
description of a new endemic species from the Iberian Peninsula. Zoological Journal of the Linnean Society 145: 555-582 
145.    Montori, A. and G.A. Llorente. 2009. Tritón pirenaico – Calotriton asper. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. 
Available from http://www.vertebradosibericos.org/ (accessed Oct 2010) 
146.    Issartel, J., Y. Voituron, O. Guillaume, J. Clobert and F. Hervant. 2010. Selection of physiological and metabolic adaptations to food deprivation in the Pyrenean newt Calotriton 
asper during cave colonisation. Comparative biochemistry and physiology. Part A, Molecular and integrative physiology 155: 77-83 
147.    Miaud, C. and O. Guillaume. 2005. Variation in Age, Body Size and Growth Among Surface and Cave-Dwelling Populations of the Pyrenean Newt, Euproctus Asper (Amphibia; 
Urodela). Herpetologica 61: 241-249 
148.    Hervant, F., J. Mathieu and J.P. Durand. 2001. Behavioural, physiological and metabolic responses to long-term starvation and refeeding in a blind cave-dwelling salamander 
(Proteus anguinus) and a facultative cave-dwelling newt (Euproctus asper). Journal of Experimental Biology 204: 269-281 
149.    Hervant, F., J. Mathieu and J.P. Durand.  2000. Metabolism and circadian rhythm in the European blind cave salamander (Proteus anguinus) and a facultative cave dweller, the 
Pyrenean newt (Euproctus asper). Canadian Journal of Zoology 78: 1427-1432 
150.    Dreiss, A.N., O. Guillaume and J. Clobert. 2009. Diverging Cave- and River-Dwelling Newts Exert the Same Mate Preference in their Native Light Conditions. Ethology 115: 
1036-1045 
151.    Losange. 2008. Amphibiens et reptiles. 125pp. Artémis Editions. France  
152.    Montori, A., G.A. Llorente and A. Richter-Boix. 2008. Habitat features affecting the small-scale distribution and longitudinal migration patterns of Calotriton asper in a Pre-
Pyrenean population. Amphibia-Reptilia 29: 371-381 
153.    Vences, M. 2009. Salamandra rabilarga – Chioglossa lusitanica. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available 
from http://www.vertebradosibericos.org/ (accessed Oct 2010) 
154.    Arntzen, J.W., D.S.J. Groenenberg, J. Alexandrino, N. Ferrand and F. Sequeira. 2007. Geographical variation in the golden-striped salamander, Chioglossa lusitanica Bocage, 
1864 and the description of a newly recognized subspecies. Journal of Natural History 41: 925-936 
155.    Alexandrino, J., N. Ferrand and J.W. Arntzen. 2005. Morphological variation in two genetically distinct groups of the golden-striped salamander, Chioglossa lusitanica (Amphibia 
: Urodela ). Contributions to Zoology 74: 213-222 
156.    Sequeira, F., N.M. Ferrand, and E.G. Crespo. 2003. Reproductive cycle of the golden-striped salamander Chioglossa lusitanica (Caudata, Salamandridae) in NW Portuga. 
Amphibia-Reptilia 24: 1-12 
157.    Brizzi, R., C. Calloni, G. Delfino and G. Tanteri. 1995. Notes on the Male Cloacal Anatomy and Reproductive Biology of Euproctus montanus (Amphibia: Salamandridae). 
Herpetologica 51: 8-18 
110
158.    Bovero, S., G. Sotgiu, S. Castellano and C. Giacoma. 2003. Age and Sexual Dimorphism in a Population of Euproctus platycephalus (Caudata : Salamandridae) from Sardinia. 
Copeia 1: 149-154 
159.    Funnell, S. and B. Tapley. 2009. WAZA Husbandry guidelines for Sardinian Brook Salamander: Euproctus platycephalus. FRENCH URODELA GROUP. 17. Durrell Wildlife 
Conservation Trust. 
160.    Böhme, W., B. Thiesmeier, and K. Grossenbacher. 2004. Handbuch der Reptilien und Amphibien Europas, Band 4/IIB: Schwanzlurche (Urodela) III. 390pp. Wiesbaden, Germany 
161.    Caetano, M.H. and J.R. Leclair. 1999. Comparative Phenology and Demography of Triturus boscai from Portugal. Journal of Herpetology 33: 192-202 
162.    Díaz-Paniagua, C. 2009. Tritón ibérico – Lissotriton boscai. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available 
from http://www.vertebradosibericos.org/ (accessed Oct 2010) 
163.    Aragón, P. 2011. The response to the social environment reveals sex-dependent behavioural syndromes in the Bosca’s newt (Lissotriton boscai). Journal of Ethology 29: 79-83 
164.    Orizaola, G. and F. Braña. 2003. Oviposition behaviour and vulnerability of eggs to predation in four newt species (genus Triturus). Herpetological Journal 13: 121-124 
165.    Miaud, C. 1992. La squelettochronologie chez les Triturus (amphibiens, urodèles) à partir d’une étude de T. alpestris, T. helveticus et T. cristatus du sud-est de la France. Tissus 
durs et âge individuel des vertébrés, colloque national, Bondy, France. 4-6 mars 1991. 363-384 
166.    Temara, K. and J.-P. Jacob (Aves). 2004. Système dʼinformations sur la Biodiversité en Wallonie, observatoire de la Faune, de la Flore et des Habitats. 2011. Available from 
http://old.biodiversite.wallonie.be/ (accessed Oct 2010) 
167.    Denoël, M. and G.F. Ficetola. 2007. Landscape-level thresholds, and newt conservation. Ecological applications 17: 302-309 
168.    Guarino, F.M., V. Caputa and F. Angelini. 1992. The reproductive cycle of the newt Triturus italicus. Amphibia-Reptilia 13: 121-133 
169.    Dandová, R., K. Weidinger and V. Zavadil. 1998. Morphometric variation, sexual size dimorphism and character scaling in a marginal population of montandon s newt Triturus 
montandoni from The Czech Republic. Italian Journal of Zoology 65: 399-405 
170.    Babik, W. and J. Rafiski. 2004. Relationship between morphometric and genetic variation in pure and hybrid populations of the smooth and Montandons newt (Triturus vulgaris 
and T. montandoni). Journal of Zoology 262: 135-143 
171.    Bell, G. 1977. The Life of the Smooth Newt (Triturus vulgaris) after Metamorphosis. Ecological Monographs 47: 279-299 
172.    Verrell, P. and T. Halliday. 1985. Reproductive Dynamics of a Population of Smooth Newts, Triturus vulgaris, in Southern England. Herpetologica 41, 386-395 
173.    Dolmen, D. 1983. Growth and size of Triturus vulgaris and T. cristatus (Amphibia) in different parts of Norway. Holarctic Ecology 6: 356-371 
174.    Hagström, T. 1979. Population ecology of Trituras cristatus and T. vulgaris (Urodela) in SW Sweden. Holarctic Ecology 2: 108-114 
175.    Malmgren, J.C. and M. Thollesson. 1999. Sexual size and shape dimorphism in two species of newts, Triturus cristatus and T. vulgaris (Caudata: Salamandridae). Journal of 
Zoology 249: 127-136 
176.    Ivanovic, A., T. Vukov, G. Dzukic, N. Tomanevic and M.L. Kalezic. 2007. Ontogeny of skull size and shape changes within a framework of biphasic lifestyle: A case study in six 
Triturus species (Amphibia, Salamandridae). Zoomorphology 126: 173-183 
177.    Litvinchuk, S.N., J.M. Rosanov and L.J. Borkin. 2007. Correlations of geographic distribution and temperature of embryonic development with the nuclear DNA content in the 
Salamandridae (Urodela, Amphibia). Genome 50: 333-342 
178.    Griffiths, R.A. 1984. Seasonal behaviour and intrahabitat movements in an urban population of smooth newts, Triturus vulgaris (Amphibia: Salamandridae). Journal of Zoology 
203: 241-251 
179.    Blab, J., P. Brüggemann and H. Sauer. 1991. Tierwelt in der Zivilisationslandschaft. Teil II: Raumeinbindung und Biotopnutzung bei Reptilien und Amphibien im Drachenfelser 
Ländchen. SchrReihe Landschaftspfl. Natursch 34: 1-94 
180.    Dolmen, D. 1981. Local migration, rheotaxis and philopatry by Triturus vulgaris within a locality in central Norway. British Journal of Herpetology 6: 151-158 
181.    Kinne, O. 2006. Successful re-introduction of the newts Triturus cristatus and T. vulgaris. Endangered Species Research 4: 1-16 
182.    Simms, C. 1969. Indications of the decline of breeding amphibians at an isolated pond in marginal land. British Journal of Herpetology 4: 93-96 
183.    Warwick, T. 1949. The colonization of bomb-crater ponds at Marlow, Buckinghamshire. Journal of Animal Ecology 18: 137-141 
184.    Özeti, N. 1967. Morphology of salamander Mertensiella luschani (Steindachner) and relationships of Mertensiella and Salamandra. Copeia 2: 287-298 
185.    Öz, M., S. Düþen, M.R. Tunç, Y. Kumlutaþ, H. Durmuþ and Y. Kaska. 2004. Morphological and Taxonomical Study on the Subspecies of the Lycian Salamander, Mertensiella 
luschani, (Steindachner, 1891) (Urodela: Salamandridae). Turkish Journal of Zoology 28: 237-244 
186.    Olgun, K., C. Miaud and P. Gautier. 2001. Age, growth and survivorship in the viviparous salamander Mertensiella luschani from southwestern Turkey. Canadian Journal of 
Zoology 79: 1559-1567 
111
187.    Özeti, N. 1979. Reproductive biology of the salamander Mertensiella luschani antalyana. Herpetologica 35: 193-197 
188.    Miaud, C., R. Guyetant and H. Faber. 2000. Age, size, and growth of the alpine newt, Triturus alpestris (Urodela : Salamandridae), at high altitude and a review of life history trait 
variation throughout its range. Herpetologica 56: 135-144 
189.    Denoël, M. 2005. Persistence and dispersion of an introduced population of Alpine Newt (Triturus alpestris) in the limestone plateau of Larzac (Southern France). Revue 
d’Écologie (la Terre and la Vie) 60: 139-148 
190.    Marzona, E., D. Seglie and C. Giacoma. 2004. Sexual dimorphism in body size and life-history traits in a population of Triturus alpestris alpestris. Italian Journal of Zoology 
Suppl. 1: 117-120 
191.    Joly, P. and O. Grolet. 1996. Colonization dynamics of new ponds, and the age structure of colonizing Alpine newts, Triturus alpestris. Conservation biology 15: 239-248 
192.    Denoël, M. 2003. Avantages sélectifs dʼun phénotype hétérochronique. Eco-éthologie des populations pédomorphiques du Triton alpestre, Triturus alpestris (Amphibia, Caudata). 
Cahiers d'Ethologie 23 (collection enquêtes et dossiers : 27). Cahiers dʼéthologie, France 
193.    Salvador, A. 2009. Gallipato – Pleurodeles waltl. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (accessed Oct 2010) 
194.    Menage, S. 2004. Le protée (Proteus anguinus Laurenti 1768) : Historique, mythologie, biologie et utilisation en expérimentation. Thesis. 67pp. France 
195.    Luiselli, L., F. Andreone, D. Capizzi and C. Anibaldi. 2001. Body size, population structure and fecundity traits of Salamandra atra atra (Amphibia, Urodela, Salamandridae) 
population from the northeastern Italian Alps. Italian Journal of Zoology 68: 125-130 
196.    Bonato, L. and G. Fracasso. 2003. Movements, distribution pattern and density in a population of Salamandra atra aurorae (Caudata : Salamandridae). Amphibia-Reptilia 24: 
251-260 
197.    Phillips, D.J. 2011. Reptiles et Amphibiens de France. Available from http://www.herpfrance.com (accessed Oct 2010) 
198.    Miaud, C., F. Andreone, A. Ribéron, S. De Michelis, V. Clima, J. Castanet, H. Francillon-Vieillot and R. Guyétant. 2001. Variations in age, size at maturity and gestation duration 
among two neighbouring populations of the Alpine salamander Salamandra lanzai. Journal of Zoology 254: 251-260 
199.    Andreone, F., S. De Michelis and V. Clima. 1999.A montane amphibian and its feeding habits: Salamandra lanzai (Caudata, Salamandridae) in the Alps of northwestern Italy. 
Italian Journal of Zoology 66: 45-49 
200.    Ribéron, A. and C. Miaud. 2000. Home range and shelter use in Salamandra lanzai (Caudata, Salamandridae). Amphibia-Reptilia 21: 255-260 
201.    Degani, G. and M.R. Warburg. 1978. Population structure and seasonal activity of adult Salamandra salamandra (L.) (Amphibia, Urodela, Salamandridae) in Israel. Journal of 
Herpetology 12: 437-444 
202.    Joly, J. 1968. Données écologiques sur la salamandre tâchetée Salamandra salamandra. Annales des Sciences Naturelles - Zoologie et Biologie Animale 12: 301-366 
203.    Buckley, D., M. Alcobendas, M. Garcia-Paris and M.H. Wake. 2007. Heterochrony, cannibalism, and the evolution of viviparity in Salamandra salamandra. Evolution and 
Development 9: 105-115 
204.    Catenazzi, A. 1998. Ecologie dʼune population de Salamandre tachetée au Sud des Alpes. 106pp. France 
205.    Schmidt, B.R., M. Schaub and S. Steinfartz. 2007. Apparent survival of the salamander Salamandra salamandra is low because of high migratory activity. Frontiers in Zoology 4: 
19 
206.    Rebelo, R. and M.H. Leclair. 2003. Site tenacity in the terrestrial salamandrid Salamandra salamandra. Journal of Herpetology 37: 440-445 
207.    Angelini, C., D. Cari and C. Utzeri. 2006. Records of Salamandrina perspicillata (Savi, 1821) in the Colli Albani (Latium, central Italy), with some ecological notes (Urodela, 
Salamandridae). Acta Herpetologica 1: 53-60 
208.    Bovero, S., C. Angelini and C. Utzeri. 2006. Aging Salamandrina perspicillata (Savi, 1821) by skeletochronology. Acta Herpetologica 1, 153-158 
209.    Romano, A. and G.F. Ficetola. 2010. Ecogeographic variation of body size in the spectacled salamanders (Salamandrina): influence of genetic structure and local factors. Journal 
of Biogeography 37: 2358-2370 
210.    Romano, A. and F.J. Diego-Rasilla. 2008. Capacità di homing in Salamandrina perspicillata (Savi, 1821) tramite fotorecettori extaoculari. Pages 252-253. In C. Corti, editors. 
Herpetologia Sardiniae. Edizioni Belvedere, Latina, Italy 
211.    Salvidio, S. 2006. Demographic variability in two populations of the European plethodontid salamander Speleomantes strinatii. Pages 129-132. In: W. Böhme, W. Bischoff and T. 
Ziegler T., editors. Herpetologia Bonnensis [Proceedings of the 8th Ordinary General Meeting of the Societas Europaea Herpetologica, 23-27 August 1995, Bonn, Germany]; 
Societas Europaea Herpetologica; 416 pp. Bonn, Germany 
212.    Andreone, F. and C. Giacoma. 1989. Breeding dynamics of Triturus carnifex at a pond in northwestern Italy (Amphibia, Urodela, Salamandridae). Holarctic Ecology 12: 219-223 
112
213.    Cvetković, D., M.L. Kalezić, A. Djorović and G. Džukić. 1996. The crested newt (Triturus carnifex) in the Submediterranean: Reproductive biology, body size, and age. Italian 
Journal of Zoology 63: 107-111 
214.    Schabetsberger, R., R. Jehle, A. Maletzky, J. Pesta and M. Sztatecny. 2004. Delineation of terrestrial reserves for amphibians: post-breeding migrations of Italian crested newts 
(Triturus c. carnifex) at high altitude. Biological Conservation 117: 95-104 
215.    Arntzen, J.W. and G.P. Wallis. 1991. Restricted gene flow in a moving hybrid zone of newts (Triturus cristatus and T. marmoratus) in western France. Evolution 45: 805-826 
216.    Francillon-Vieillot, H., J.W. Arntzen and J. Geraudie. 1990. Age, growth and longevity of sympatric Triturus cristatus, Triturus marmoratus and their hybrids (Amphibia, 
Urodela). A skeletochronological study. Journal of Herpetology 24, 13-22 
217.    Jehle, R. and J.W. Arntzen. 2000. Post-breeding migrations of newts (Triturus cristatus, T. marmoratus) with contrasting ecological requirements. Journal of Zoology 251: 297-
306 
218.    Kupfer, A. 1998. Wanderstrecken einzelner Kammolche (Triturus cristatus) in einem Agrarlebensraum. Zeitschrift für Feldherpetology 5: 238-242 
219.    Kupfer, A. and S. Kneitz. 2000. Population ecology of the great crested newt (Triturus cristatus) in an agricultural landscape: dynamics, pond fidelity and dispersal. Herpetological 
Journal 10: 165-172 
220.    Cogalniceanu, D. and C. Miaud. 2002. Age, Survival and Growth in Triturus dobrogicus (Amphibia, Urodela) from the Lower Danube Floodplain. International Association 
Danube Research 34: 777-783 
221.    Olgun, K., N. Uzum, A. Avci and C. Miaud. 2005. Age, size and growth of the Southern Crested Newt Triturus karelinii (Strauch, 1870) in a population from Bozdag (Western 
Turkey). Amphibia-Reptilia 26: 223-230 
222.    Çiçek, K., D. Ayaz and H.S. Mutlu. 2010. Data on morphology of Southern Crested Newt, Triturus karelinii (Strauch, 1870) (Caudata: Salamandridae) in Uludağ (Bursa, Turkey). 
Biharean Biologist 4: 103-107 
223.    Arntzen, J.W., T. Papenfuss, S. Kuzmin, D. Tarkhnishvili, V. Ishchenko, B. Tuniyev, M. Sparreboom, N. Rastegar-Pouyani, I.U. Ugurtas, S. Anderson, W. Babik, C. Miaud and 
J.I. Crnobrnja. 2008. Triturus karelinii. IUCN 2010. IUCN Red List of Threatened Species. Version 2010.4. Available from www.iucnredlist.org (accessed Oct 2010) 
224.    Jakob, C., C. Miaud, A.J. Crivelli and M. Veith. 2004. How to cope with periods of drought? Age at maturity, longevity and growth of marbled newts (Triturus marmoratus) in 
temporary Mediterranean ponds. Canadian Journal of Zoology 81: 1905-1911 
225.    Montori, A. 2010. Tritón jaspeado – Triturus marmoratus. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (accessed Oct 2010) 
226.    Diaz-Paniagua, C., J.A. Mateo and A.C. Andreu. 1996. Age and size structure of populations of small marbled newts (Triturus marmoratus pygmaeus) from Donana National Park 
(SW Spain). A case of dwarfism among dwarfs. Journal of Zoology 239: 83-92 
227.    Reques, R. 2009. Tritón pigmeo – Triturus pygmaeus. En: Enciclopedia Virtual de los Vertebrados Españoles. Museo Nacional de Ciencias Naturales, Madrid. Available from 
http://www.vertebradosibericos.org/ (accessed Oct 2010) 
 
113
Appendix S2. Analytical procedure used to build and select predictive models for amphibian 
mobility.  
 
The figure here below illustrates the analytical procedure we used in this study to investigate 
(1) which traits correlated with mobility and (2) the extent to which these correlations allowed 
predicting mobility across species. 
 
Training partition (N=28 Eu. species)
Used to parameterize predictive LM
Test partition (N=9 Eu. species) 
Displacement ability predicted with LM
Informed datasets (N=37 European species)
9 datasets in total (with 1 trait less each)
Reconstructed dataset (N=87 species)
used to investigate traits relationships with LM 
and PGLS
Behind: iteratively purged from the trait with the 
highest proportion of reconstructed data
Initial dataset
N=87 European species 
9 ecomorphological traits + displacement ability
NA = 3-38 (on 87) per trait
Displacement ability known for N=37 species
Replace NA with the missMDA function
Summarize morphology with PCA
Random partitioning
x 100
Quality assessment for predictions: cross-validation
rightness: slope of predicted/observed regression
precision: R² of predicted/observed regression (forced into 0)
Model selection
Increase robustness
by purging from NA-rich traits
…
Validation dataset
N=10 North-American sp. 
Body size + fecundity
Displacement ability
NA = 0
Ap
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Black and white bars left of the illustration of a dataset show if displacement ability is known (black), or unknown 
or ignored (white). Grey parts illustrate morphological and demographic traits, with white inserts showing the 
presence of missing data (NA). LM: linear model; PGLS: phylogenetic generalized least squares; NA: missing 
values; PCA: principal component analysis. 
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A first complication of our analyses was the frequent occurrence of missing values (hereafter 
NA) ranging from 3% to 44% per variable (see Appendix S1). In a preliminary step, we thus 
imputed the missing data using the regularized iterative principal component analysis (PCA) 
algorithm as implemented in the missMDA R-package (Josse et al. 2009) to generate a 
reconstructed dataset (see figure). This function first replaces missing values by the mean of 
each variable and performs PCA on the completed dataset, then, it imputes the missing values 
with the reconstruction formulae and iterates until convergence. 
 Similarly to life-history and morphology data, information on mobility was only 
available for 37 species (42.5%), considerably reducing the statistical power of models of the 
form “mobility ≈ a combination of traits + interactions among them”. To circumvent this 
second limitation, we ran a PCA with the 7 morphological traits and then used species 
coordinates on the two first PCA axes (which had an eigenvalue > 1) as explanatory variables 
of mobility. All 87 species in the reconstructed dataset were used in this PCA. Then, we 
investigated how species’ mobility relates to demography and morphology using analysis of 
variance. The fecundity, the age at maturity, the two first axis of the PCA on morphology, and 
their interactions were used as explanatory variables. As we suspected the sampling scale (see 
Schneider 2003; Franzén & Nilsson 2007; Stevens et al. 2010) and the sampling effort to 
impact the maximal displacement recorded, we included the distance of study sites and the 
number of individuals caught or tracked as covariates in our model. The complete (saturated) 
model was hence of the form:  
 
ln(mobility) ~ (morphology axis 1 + morphology axis 2 + maturity + fecundity) ^2  
     + sampling scale + sampling effort + error 
 
This model was used to investigate how life-history and morphology correlate with the 
displacement ability at the species level. Each variable entered into this model was 
standardized so that we could compare directly the scale of their effects on mobility. The 
relative goodness-of-fit of all simpler models derived from the saturated model was assessed 
by their AICc (corrected Akaike Information Criterion: Anderson et al. 1994). Models with 
∆AICc < 2 from the model with the lowest AICc were retained and averaged as implemented 
in the MuMIn R-package (Barton 2011). To investigate trait relationships separately for 
anurans and urodels, we proceeded similarly as for the full dataset, but excluded first order 
interactions due to data limitation at that taxonomic scale.  
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 Comparative studies at the species level must consider phylogenetic inter-dependency 
among species. Stevens et al. (2012) however showed that trait correlations might be relatively 
independent from phylogeny. We thus consistently compared linear models (LM), where 
species were considered as independent data points, to PGLS (phylogenetic generalized least 
squares: Rohlf 2001) of the same form, where phylogenetic correlations were accounted for. 
The relative importance of the phylogeny in structuring the data was appreciated by the 
comparison between the PGLS’ AICc and the LM’s AICc. In PGLS, the correlation structure 
due to phylogenetic non-independence was calculated under the hypothesis of a Brownian 
motion. The phylogenetic reference was the composite tree of living amphibians, extracted 
from the Tree of Life (Cannatella 2008), to which branch lengths were computed with Grafen’s 
(1989) method.  
 
Predictions from relationships among traits 
 
We then used LM to predict mobility from the values of other ecomorphological traits. As we 
mentioned previously, our database initially contained many NA, which were replaced through 
the missMDA R-function. However, for statistical robustness of predictions, a model based on 
NA-poor variables should be preferred over a model using NA-rich variables. To increase the 
robustness we thus iteratively removed the NA-richest variable from the reconstructed dataset 
(i.e. before summarizing the morphology with PCA: see figure). Then, with this new dataset, 
we proceeded as follows: summarizing the morphology with a PCA (if more than 2 
morphological traits remained), running the LM, selecting the best model(s) with AICc, and 
cross-validating their predictions.  
 At each step of this iterative process we used a cross-validation to assess the efficiency of 
each model to predict amphibian’s mobility. In this process, the available mobility data were 
randomly split in two: 75% of species were the training partition (28-29 species) from which 
the model was parameterized and 25% were the test partition (9-10 species) for which mobility 
was ignored and predicted with the model (Anderson et al. 2009 ; Thuiller 2003). This partition 
was repeated 100 times to get confidence intervals for the predictions. The predictive quality of 
each model was then defined as its ability to a) minimize the adjusted R² of the regression of 
predicted against observed mobility, with the intercept constrained to zero (model's precision) 
and b) to provide a slope close to 1 when regressing predicted mobility against observed 
mobility (model's rightness) (this time the intercept was not constrained). 
 
Inferences from phylogenetic substitutions 
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 To evaluate the efficiency of phylogenetically-based substitution to infer unknown mobility we 
performed again cross-validations with a 75-25% random partitioning (repeated 100 times). 
This time, the ignored mobility of each species in the test partition was simply replaced by that 
of the phylogenetically closest species present in the training partition. Two alternative rules 
were considered in this substitution, as the phylogenetic distance was appreciated by either (i) 
the number of nodes, or (ii) the sum of branch lengths separating the two species in the 
phylogenetic tree of living amphibians (with 1342 taxa considered). When several species in 
the training partition had similarly low phylogenetic distance with a species and can be 
considered similarly good candidates for the substitution, their mobility were averaged. The 
rightness of the predictions made by these phylogenetic substitutions was assessed by 
examining the slope of the regression of substituted vs. observed mobility, and its precision by 
the R² of a regression with intercept forced to 0. Moreover, we evaluated if the predictions 
obtained were sensitive to the phylogenetic proximity between a species and its substitute(s) by 
testing for correlation between the deviation of the prediction (absolute difference between 
observed and substituted mobility) and the phylogenetic distance between both species.  
 
Inferring mobility for European amphibians, and validating with independent data 
 
The single best method for inference (either a substitution or a linear model) was applied to the 
whole reconstructed dataset with 87 European species. To compare among alternative 
phylogenetic substitutions, we considered their rightness, their precision and their sensitivity.  
To select among the alternative LM, we considered the balance between their robustness (i.e. 
the proportion of data that were initially missing and were reconstructed), their fit to the data 
(AICc), and the quality of their predictions (rightness and precision). The AIC is like a 
measure of the price/quality ratio of a model, as it corresponds to its log-likelihood penalized 
by 2 points for each parameter entered in the model. In the particular case of our study, the real 
“cost” of a LM not only depends on the number of variables retained, but also on the number 
of traits needed to perform all the analysis, i.e. how many traits were summarized by the PCA 
on morphology when at least one PCA axis was retained in LM. We thus adjusted the AICc 
values to take this into account, with a penalty of 2 per “supplementary” variable needed to 
build the model.  
 After having selected the best alternative to predict the displacement ability in 
amphibians, it was applied (1) to 87 European species present in the reconstructed dataset, and 
(2) to a sample of 10 North-American amphibians (5 anurans + 5 urodels = validation dataset: 
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see figure), all with mobility repeatedly measured but ignored here. This application to 
independent data ensured the validity of our model. This general prediction was based on a 
linear model, where the covariate (sampling scale) was held fixed for all species to the value of 
its upper 95% confidence interval in the European dataset, because the covariate value was of 
course unavailable for those species for which displacements were never measured, and also in 
order to provide a general picture of displacement ability, comparable across all species. This 
also allowed us assessing the robustness of the model to the ignorance of the spatial scale, by 
comparing measured mobility for North-American species to their predicted mobility, with a 
prediction that ignored the spatial scale that was chosen by “experts” to measure their mobility. 
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Appendix S3. Phylogenetic tree of the 87 amphibian species used in analyses. In red: species 
for which mobility was reported in literature. In black: species with unknown mobility.  
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Pelophylax cretensis
Pelophylax cerigensis
Pelophylax bedriagae
Pelophylax ridibundus
Rana graeca
Pelophylax esculentus
Pelophylax grafi
Rana dalmatina
Pelophylax bergeri
Rana arvalis
Lithobates catesbeianus
Speleomantes ambrosii
Speleomantes flavus
Speleomantes imperialis
Speleomantes italicus
Speleomantes sarrabusensis
Speleomantes stritii
Speleomantes supramontis
Atylodes genei
Salamandrina terdigitata
Salamandrina perspicillata
Salamandra algira
Salamandra salamandra
Salamandra lanzai
Salamandra corsica
Salamandra atra
Lyciasalamandra helverseni
Lyciasalamandra luschani
Chioglossa lusitanica
Pleurodeles waltl
Euproctus montanus
Euproctus platycephalus
Lissotriton boscai
Lissotriton helveticus
Lissotriton italicus
Lissotriton montandoni
Lissotriton vulgaris
Mesotriton alpestris
Calotriton arnoldi
Calotriton asper
Triturus carnifex
Triturus cristatus
Triturus dobrogicus
Triturus karelinii
Triturus marmoratus
Triturus pygmaeus
Proteus anguinus
 
119
Appendix S4. Summary of the construction of a predictive model for amphibian vagility, based on linear models (LM) with information from 1 
to 9 species traits. At each step, one trait was removed from the database to increase the robustness of the dataset. At each step, morphological 
traits, demographic traits and their first order interactions, as well as the spatial scale of the study (S. scale) and the sampling effort (S. effort: the 
number of individuals for which mobility was measured) were proposed as independent variables with fixed effects on species mobility (maximal 
displacement measured). For steps 1-5, the demography was summarized by a PCA from which the two first axes were proposed as the 
independent variables for morphology in the LM. For steps 6-9, demographic traits were proposed directly. Squares illustrate variables proposed 
in the model at each step, and circles illustrate the data considered indirectly at each step (and summarized by two axes of a PCA: Axis 1 and 
Axis 2). Variables retained in the model are illustrated with black squares; variables not retained in the model are illustrated with white squares. 
At each step, all models with ∆AICc <2 from the model with the lowest AICc (Akaike Information Criterion, corrected for small sample size) 
were retained, and their performance was assessed through cross-validation (see text). The rightness (rightn.) is the slope of a regression of 
predicted vs. observed displacement ability. The precision obtained with the prediction is given by the adjusted R², i.e. the explained variance of a 
regression of predicted vs. observed mobility, forced into zero. *AICc is model’s AICc, penalized by 2 points per supplementary variable used, 
depending on the difference between the number of variables summarized in the PCA and the number of demographic axes retained in the model. 
Numbers below trait names are the number of species (of 37) for which the trait value was obtained via a reconstruction with iterative PCA 
algorithm (see text). At each step, the trait that had the highest number of species with reconstructed value was discarded (see text and Fig. 2). 
Model 8.1 was considered the most robust and efficient for predicting displacement ability in amphibians.  
 
  Morphology Demography Covariates Model performance 
Step LM Mass SVL_M SVL_F SVL_ad Length HLL SVL_Meta Axis 1 Axis 2 Fec. Matur. 
    8 3 3 2 2 9 4     0 3 
S. 
scale 
S. 
effort AICc *AICc 
Rightness 
(slope) 
Precision 
(Adj.R²) 
1 1.1 ● ● ● ● ● ● ● □ ■ □ □ ■ □ 127.1 139.1 0.9255 0.9682 
 1.2 ● ● ● ● ● ● ● □ ■ □ ■ ■ □ 127.0 139.0 0.9040 0.9683 
 1.3 ● ● ● ● ● ● ● ■ ■ □ □ ■ □ 127.2 137.2 0.8794 0.9681 
2 2.1 ● ● ● ● ●  ● □ ■ □ □ ■ □ 129.5 139.5 0.8804 0.9661 
 2.2 ● ● ● ● ●  ● □ ■ □ ■ ■ □ 130.2 140.2 0.8580 0.9654 
 2.3 ● ● ● ● ●  ● ■ ■ □ □ ■ □ 129.7 137.7 0.8688 0.9659 
3 3.1  ● ● ● ●  ● ■ □ ■ □ ■ □ 131.5 139.5 0.8107 0.9642 
 3.2  ● ● ● ●  ● ■ □ ■ ■ ■ □ 129.1 137.1 0.8321 0.9664 
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 3.3  ● ● ● ●  ● □ ■ □ ■ ■ □ 133.8 141.8 0.8038 0.9619 
 3.4  ● ● ● ●  ● □ ■ ■ ■ ■ □ 130.0 138.0 0.8471 0.9656 
 3.5  ● ● ● ●  ● ■ ■ ■ □ ■ □ 132.1 138.1 0.7671 0.9636 
 3.6  ● ● ● ●  ● ■ ■ ■ ■ ■ □ 131.3 137.3 0.7906 0.9643 
 3.7  ● ● ● ●  ● □ ■ ■ □ ■ □ 129.7 137.7 0.8984 0.9658 
 3.8  ● ● ● ●  ● □ ■ □ □ ■ □ 132.4 140.4 0.8662 0.9633 
4 4.1  ● ● ● ●   □ ■ □ □ ■ □ 130.5 136.5 0.8612 0.9651 
 4.2  ● ● ● ●   □ ■ □ ■ ■ □ 129.3 135.3 0.8872 0.9662 
 4.3  ● ● ● ●   ■ ■ ■ □ ■ □ 130.0 134.0 0.8058 0.9656 
 4.4  ● ● ● ●   ■ □ ■ □ ■ □ 134.2 140.2 0.7620 0.9615 
 4.5  ● ● ● ●   ■ ■ □ □ ■ □ 130.3 134.3 0.8588 0.9653 
 4.6  ● ● ● ●   ■ □ ■ ■ ■ □ 132.6 138.6 0.7963 0.9631 
 4.7  ● ● ● ●   □ ■ ■ □ ■ □ 130.0 136.0 0.8679 0.9656 
5 5.1   ● ● ●   □ ■ □ □ ■ □ 130.4 134.4 0.8709 0.9652 
 5.2   ● ● ●   □ ■ □ ■ ■ □ 129.9 133.9 0.8839 0.9657 
 5.3   ● ● ●   ■ □ ■ □ ■ □ 132.6 136.6 0.7956 0.9631 
 5.4   ● ● ●   ■ ■ ■ □ ■ □ 130.8 132.8 0.7872 0.9649 
 5.5   ● ● ●   ■ □ ■ ■ ■ □ 131.5 135.5 0.7928 0.9641 
 5.6   ● ● ●   ■ ■ □ □ ■ □ 129.9 131.9 0.8857 0.9657 
 5.7   ● ● ●   □ ■ ■ □ ■ □ 129.9 133.9 0.9066 0.9657 
6 6.1    □ ■     ■ □ ■ □ 126.8 126.8 0.8885 0.9684 
 6.2    □ ■     ■ ■ ■ □ 127.4 127.4 0.8718 0.9679 
7 7.1    □ ■     ■  ■ □ 126.6 126.6 0.8940 0.9686 
8 8.1     ■     ■  ■ □ 127.1 127.1 0.8819 0.9682 
 
8.2     ■     ■  □ □ 139.8 139.8 0.7641 0.9552 
9 9.1                   ■   ■ □ 132.4 132.4 0.9020 0.9633 
Mass: species adult mean body mass; SVL: average snout-to-vent length (_M: for adult males; _F: for adult females; _ad: for adults; _meta: at metamorphosis); length: total 
length of adults (including tail); HLL: length of hind-limb for adults; fec.: fecundity = average number of eggs (or larvae) per female per breeding event; matur.: age at 
maturity); Numbers in italic are the number of species (of 37) for which the trait value was obtained via a reconstruction with iterative PCA algorithm (see text and 
Appendix S2). 
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Appendix S5. Mean predicted mobility (and 95%CI) of amphibians of the three lowest threat statuses: 
LC: least concern; NT=near threatened; VU=vulnerable. 
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REV I EW AND
SYNTHES I S
How is dispersal integrated in life histories: a quantitative
analysis using butterflies
Virginie M. Stevens,1,2* Audrey
Trochet,2 Hans Van Dyck,3 Jean
Clobert2 and Michel Baguette2,4
Abstract
As dispersal plays a key role in gene flow among populations, its evolutionary dynamics under environmental
changes is particularly important. The inter-dependency of dispersal with other life history traits may constrain
dispersal evolution, and lead to the indirect selection of other traits as a by-product of this inter-dependency.
Identifying the dispersals relationships to other life-history traits will help to better understand the evolutionary
dynamics of dispersal, and the consequences for species persistence and ecosystem functioning under global
changes. Dispersal may be linked to other life-history traits as their respective evolutionary dynamics may be
inter-dependent, or, because they are mechanistically related to each other. We identify traits that are predicted
to co-vary with dispersal, and investigated the correlations that may constrain dispersal using published
information on butterflies. Our quantitative analysis revealed that (1) dispersal directly correlated with
demographic traits, mostly fecundity, whereas phylogenetic relationships among species had a negligible
influence on this pattern, (2) gene flow and individual movements are correlated with ecological specialisation
and body size, respectively and (3) routine movements only affected short-distance dispersal. Together, these
results provide important insights into evolutionary dynamics under global environmental changes, and are
directly applicable to biodiversity conservation.
Keywords
behaviours, dispersal, evolutionary constraints, global change, habitat fragmentation, life-history evolution,
metapopulation dynamics, migration, morphology, phylogeny.
Ecology Letters (2012) 15: 74–86
INTRODUCTION
Dispersal, the meta-behaviour ultimately responsible for gene flow
(Ronce 2007), combines a suite of behaviour interrelated through
cost ⁄benefits relationships at each step of the dispersal process: before
or at emigration, during transfer and at or after settlement (Clobert
et al. 2009; Bonte et al. 2011). Dispersal is a key process for species
functioning and persistence under those environmental changes that
requires a spatial response of populations, like for instance, to track a
shifting climate niche or to maintain connections among populations in
increasingly fragmented landscapes, and it is also central to biotic
invasions (Hanski & Gilpin 1997; Dullinger et al. 2004; Berg et al. 2010;
van Kleunen et al. 2010). Accordingly, increasing effort has been made
to understand the forces and constraints that shape the evolution of
dispersal (Ronce 2007; Clobert et al. 2008; Phillips et al. 2010), and the
conditions and contexts that modulate its expression (Clobert et al.
2004, 2009). Identifying which life-history traits co-vary with dispersal-
related traits is therefore a first step in understanding how dispersal
evolves according to selection pressures generated by accelerated
environmental changes. Knowledge of relationships between dispersal
and other life-history traits may also enable us to make predictions in
cases where dispersal abilities are unknown. This is particularly relevant
for species requiring urgent conservation action, such as threatened
species where detailed dispersal data are typically lacking.
The aim of this study was to investigate how dispersal is integrated
into the life-history of organisms. Hence, we tested for correlations
between various dispersal-related traits and life-history traits. These
correlations will drive or constrain the evolution of dispersal in
changing environments. We compiled information from available
literature to identify a suite of life-history traits that potentially
correlate with dispersal, either because theory predicts that their
respective evolutionary dynamics are inter-related, or because of an
expected causal link. We found theoretical support for a possible link
between dispersal and a variety of species-specific traits, including
demographic traits, ecological specialisation, behaviours involved in
routine movements (like foraging) and morphology (see next section).
We addressed this general issue using butterflies as a model system.
Butterflies are well suited for quantitative studies of dispersal (Hughes
et al. 2007; Stevens et al. 2010b), and are excellent model organisms for
ecology and evolution, as their ecology, life-history and morphology
are well researched (Watt & Boggs 2003; Ehrlich & Hanski 2004).
Stevens et al. (2010a,b) previously constructed a database with
1FRS-FNRS, Universite´ de Lie`ge, 22 quai van beneden, 4020 Lie`ge, Belgium
2CNRS USR 2936. Station dEcologie Expe´rimentale du CNRS, route du CNRS,
09200 Moulis, France
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Biodiversite´, rue Saint-Hillaire, 75005 Paris, France
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published information on dispersal in European butterflies. Herein,
we added published information on life-history traits to investigate the
patterns of co-variation between selected traits and dispersal.
Comparative studies on several species cannot ignore phylogenetic
relationships among species. However, in the particular case of
butterflies, we also expect ecology to play an important role in shaping
dispersal (Pavoine, S., Baguette, M., Stevens, V.M., Leibold, M.A.,
Turlure, C. and Bonsall, M.B., unpublished). Therefore, we performed
our analyses accounting for phylogenetic non-independence and then
used species as independent points.
Herein, we tested a number of hypotheses about predicted
relationships between life-history traits and various dispersal mea-
sures. First, we discuss the theoretical predictions that will allow us a
priori to select relevant traits. Next, we present the quantitative
analyses of the relationships among the traits.
THEORETICAL PREDICTIONS
Life histories are suites of morphological, developmental or behavio-
ural traits that shape an organisms course from birth to death (Ronce
& Olivieri 2004). These traits are connected by trade-offs and co-
adapted as they are shaped by natural selection, to maximise fitness
under particular environmental conditions (Stearns 1992; Roff 2002).
Several facets in the life history of an organism may be linked with
dispersal (see a summary in Table 1).
Demography
Some studies showed that dispersal, together with other life-history
traits such as a high intrinsic rate of population increase or a short
generation time, is correlated with disturbed habitats (Shapiro 1975).
Table 1 Summary of the main theoretical expectations on inter-dependency of several facets of the dispersal process and other traits, contrasted to the pattern of co-variations
indeed found in butterflies. +: positive correlation between a trait value and the dispersal ability, ): negative correlation. Each trait is informed for N = 19–138 species. Eight
different measurements were considered for mobility, of which four directly informed for dispersal ability; 20 other traits and the phylogeny were considered as dependent
variables in the analyses of butterfly dispersal
Trait Mechanism invoked for a correlation with dispersal
Correlation predicted
from theory
Dispersal trait(s)
predicted to
co-vary
Observed
relationship
Dispersal trait(s)
that co-vary
r-strategy Dispersal and r-traits are coadapted to face habitat
instability
+ All ++ Most
Fecundity Kin competition favours the evolution of dispersal + Frequency,
propensity
+ ? Most
Allocation trade-off or antagonistic pleiotropy ) Distance
Lifetime Allocation trade-off or antagonistic pleiotropy ) Distance ) ? Most
Growth rate Allocation trade-off or antagonistic pleiotropy ) Distance + ? Most
Generation time Gene flow per time unit is correlated with the
generation time
+ Gene flow + ? Most
Flexibility Diapause and dispersal are alternative strategies to
escape unsuitable conditions
) Frequency,
propensity
Null
Capital breeding Capital breeders allocate no part of adult-acquired
resources to egg maturation
+ Distance Null
Dispersal of mated females in capital breeders + Gene flow
Weight handicap for capital breeders ) Distance
Flight period Reduced dispersal costs due to increased dispersal time
window
+ Distance Null
Generalism Interacting evolutionary dynamics of dispersal and
habitat specialisation
+ (or non-linear) Frequency,
Distance
+ Gene flow
Increased dispersal cost related to coarser spatial grain
for specialists
+ Distance
Dispersal compensates for resource scarcity in specialists ) Frequency,
propensity
Dispersal costs related to the opportunity of en route
nectaring
+ Distance
Myrmecophily Coarser spatial grain for myrmecophilic species ) Distance Null
Body size Metabolic flight costs per unit weight are constant + Distance ++ Frequency of
long-distance dispersal
+ Dispersal propensity, mean
dispersal distance
Male mate searching
behaviour
Dispersal is a by-product of routine movements
(searching for mates)
+ (in interaction
with specialisation)
Distance Null
Laying precision Conflict in time allocation ) Distance Null
Laying strategy Dispersal is a by-product of routine movements
(searching for host plants)
) (in interaction
with specialisation)
Frequency,
distance
) Mean dispersal distance
(direct effect)
Kin competition favours dispersal evolution + Frequency
Conflict in time allocation + Distance
Phylogeny Habitat filtering is more important in shaping traits
than phylogenetic constraints
Low All High Vagrancy
Null All other mobility
measurements
Review and Synthesis Dispersal life-history correlates 75
 2011 Blackwell Publishing Ltd/CNRS125
This is in accord with the theoretical prediction that the spatial-
temporal variability in habitat quality has the propensity to initiate the
evolution of dispersal (Gadgil 1971; Roff 1975; Comins 1980; McPeek
& Holt 1992). Hence, dispersal can be viewed as an adaptation of
species that inhabit varying environments (Tauber et al. 1986), where
natural selection is expected to produce a suite of life-history traits
(r-type strategy) that co-evolve with dispersal to allow species
persistence (Dingle 1996). Consequently, we expect dispersal behav-
iours to co-vary with others r-selected traits.
Furthermore, some authors argued that correlations between
fitness-related traits should usually be negative due to antagonistic
pleiotropy (Rose 1982) or due to the allocation of limiting resources
between competing traits (Mole & Zera 1993), as in the trade-off
between fecundity and flight ability of insects (oogenesis-flight
syndrome: Johnson 1969). Accordingly, we may expect a negative
relationship between dispersal and most fitness-related traits such as
survival or development times. However, some studies challenge such
predominantly negative correlations among traits, suggesting that
positive, negative as well as the absence of any correlation may also
occur (Houle 1991).
Dispersal was also predicted to correlate with fecundity, as dispersal
may evolve due to kin competition (Hamilton & May 1977; Clobert
et al. 2004; Bowler & Benton 2005; Ronce 2007), and kin competition
will be higher for species with high fecundity. Similarly, larvae
hatching from egg batches should face stronger kin competition that
those hatching from eggs laid singly, with consequences for dispersal
evolution. Therefore, egg-laying strategy should also be considered.
A species ability to maintain gene flow across space should depend
on the generation time: species with a short generation time have
more opportunities per time unit to make genetic connections among
populations. Hence, we expect dispersal efficiency (the transformation
of individual movements into gene flow) to correlate with generation
time.
Development time (ontogeny) may be an opportunity to invest in
reproduction, or not. In capital breeding butterflies, females have a
short maturation time and a large proportion of full-grown eggs at
emergence. Income breeders adopt the opposite strategy as they rely
on adult resources to develop eggs (OBrien et al. 2004). In capital
breeders, females have more energy (acquired as adults) to allocate to
dispersal movements than species with an income breeder strategy,
which allocate a proportion of this adult-acquired energy to egg
maturation. Moreover, in capital breeders, mating usually occurs just
after female emergence, and females thus have a high probability of
mating before dispersal. This will increase the chances of gene flow as
a dispersing female will probably lay a larger proportion of her eggs
after dispersal, and will move both male and female gametes. We thus
expect capital breeders to have higher dispersal efficiency and longer
dispersal distances. However, in extreme capital breeders, emerging
females might be impeded to fly due to the extra weight of their egg
loads, which may disproportionately increase dispersal costs, modi-
fying the relationship between dispersal and the egg maturation
strategy.
Species with a long flight period should also show longer
dispersal distances and at higher frequencies. A long flight period
results from either all individuals being on wings for a long time
(long adult lifetime) or from individuals emerging asynchronously.
In several butterflies, when emergences are staggered, males emerge
before females (protandry). Consequently, male–male competition
can be high at the beginning of the flight period, which may in
turn increase dispersal frequency (Odendaal et al. 1989; Baguette
et al. 1998). Moreover, asynchrony (and protandry) has been shown
to enhance Allee effects in small populations through increased
female matelesness (Calabrese et al. 2008). Dispersal may compen-
sate for this effect by increasing mating opportunity across local
populations with uncoupled dynamics, increasing the benefit of
longer dispersal distances for highly asynchronous species. Alter-
natively, long flight periods might simply reduce dispersal costs
during transfer by increasing the opportunity to experience suitable
weather conditions that allow dispersing at lower physiological
costs. Therefore, we predict a positive relationship between the
flight period and both the dispersal propensity and the dispersal
distance.
Specialisation
Two different causal mechanisms may correlate dispersal to
ecological specialisation. Dispersal could constrain the evolution
of specialisation or, on the contrary, specialisation may act on the
evolution of dispersal. In this latter case, we expect the disperser
phenotype to spread among generalists and to be counter-selected
for in specialists. This is so because, in specialists, the spatial grain
of ecological resources is coarser than in generalists, and hence,
dispersal costs should be higher at both the transfer and the
settlement stages of dispersal (Baguette & Van Dyck 2007).
However, we may also argue that high dispersal is a key trait for
specialists allowing them to compensate for the scarcity of their
resources (Samways & Lu 2007; Barbaro & van Halder 2009). To
the best of our knowledge, there have been only a few attempts to
investigate the evolutionary dynamics of dispersal relative to the
degree of specialisation (Kisdi 2002; Nurmi & Parvinen 2011).
Several studies (Brown 1992; Nurmi & Parvinen 2008) nevertheless
tested the idea first proposed by Levins (1962) that very low
dispersal rates and short dispersal distances generally encourage the
evolution of local specialisation, whereas higher dispersal frequen-
cies ⁄ distances result in the evolution towards generalism. However,
non-monotonous relationships between dispersal and the evolu-
tionary dynamics of specialisation are also possible, with both low
and high dispersal favouring generalism and intermediate dispersal
favouring specialists (Ronce & Kirkpatrick 2001; Kisdi 2002; Nurmi
& Parvinen 2008).
Body size
Dispersal ability may directly relate to body size. All other traits being
equal, particularly the metabolic costs of displacement per unit of
body weight, larger species may move further than smaller ones. There
is evidence for such a relationship in mammals, birds and fishes
(Paradis et al. 1998; Sutherland et al. 2000; Bradbury et al. 2008). So,
we may predict a positive relationship between dispersal distance and
body size.
Behaviours
Dispersal may not be independent from other behaviours. Van Dyck
& Baguette (2005) argued that two distinct movement types may lead
to dispersal: specialised movements designed for net displacement,
and routine movements in search for resources (food, mate, etc.).
Hence, dispersal distance and dispersal frequency might correlate with
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the extent and the frequency of routine-like movements. This
relationship can, however, be conditional to the spatial grain of the
resources as specialised displacements are predicted to make a more
important contribution to dispersal than routine movements in
specialised species, where resources have a coarse grained distribution
(Baguette & Van Dyck 2007). Hence, we expect dispersal to be
dependent on the interaction between specialisation, scaling the
graininess of resources, and the extent and frequency of routine
movements.
Several routine behaviours need to be considered in butterflies.
First, male butterflies adopt a variety of mate searching strategies: they
may either wait for encounters with females, or search for them by
patrolling across the habitat. They can also form leks at meeting places
with specific movement patterns. As actively searching butterflies have
to move substantially more than species with a sit-and-wait strategy,
this may cause increased dispersal distances. Also, variation in female
behaviour can be significant as butterfly females vary in their
oviposition behaviour. Females may lay eggs either singly or in
batches. As mentioned earlier, this should impact the level of kin
competition among larvae with putative effects on dispersal evolution.
Furthermore, single-egg layers may require greater movement to select
a series of individual host plants, and hence they may disperse more
than batch layers as a by-product of these routine movements.
Whatever the mechanism, the egg-laying strategy may thus correlate
with dispersal frequency and dispersal distance. Independent of their
laying strategy, females may be more or less precise in their
oviposition site choice; some species select very precisely the part of
the host plant on which each egg (or batch) is laid, whereas other
species lay where they descend. The more time a female requires to
select oviposition sites, the less time there is for other activities,
including dispersal, which may cause laying precision to negatively
correlate with dispersal distance.
MATERIAL AND METHODS
Dispersal database
Butterfly mobility has been assessed using a variety of methods
(Stevens et al. 2010b). The most popular include mark-release-
recapture (MRR) and population genetics using allozymes. For the
sake of statistical power, we restricted our analyses to European
species and to the eight mobility measurements in Stevens et al.
(2010b) available for >15 species (Table 2).
We considered four mobility measurements as directly indicative of
dispersal (movements susceptible to cause spatial gene flow). The four
remaining were less directly related to dispersal as they could also
pertain to routine movements or migration (seasonal change in the
spatial distribution of a species). When we discuss all eight
measurements together, we refer to the species mobility.
The four measurements of dispersal were directly related to inter-
patch movements assessed in MRR surveys or to spatial gene flow
inferred using genetic methods, and they provide information about
various aspects of the dispersal meta-behaviour: the dispersal propensity,
the mean dispersal distance, the frequency of long-distance dispersal move-
ments derived from MRR surveys and the gene flow, which provides
information on dispersal efficiency.
The four other measurements also describe some aspects of
butterfly mobility, but were not necessarily correlated with dispersal
(Stevens et al. 2010b): the mean daily displacement corresponds to both
intra- and inter-patch movements recorded in MRR; the vagrancy
indicates if, and how frequently, a species was observed in an area
without its host plants; the migration tendency ranks species according
to the extent of their migration habits; and the expert score summarises
expert knowledge on butterfly mobility. Although less reliable, this
latter measurement was available for a large sample of species that
were rather evenly distributed across the phylogeny.
Table 2 Dispersal and mobility measurements for European butterflies, from Stevens et al. 2010a
Mobility measurement Description Transformation N *
Dispersal Mean dispersal distance Average distance of dispersal of individual butterflies (in km), estimated from the constant a of a
negative exponential function of the form P(D) = e)a*D with D = distance (km), fitted to
dispersal kernel (density probability of dispersal distances) obtained from
mark-release-recapture (MRR) surveys. The mean dispersal distance is 1 ⁄ a.
x¢ = log(1 ⁄ x) 30
Frequency of
long-distance dispersal
Probability of > 5 km dispersal movements, estimated from an inverse power function of the
form P(D) = a*D)b with D = distance (km), fitted to dispersal kernel (density probability of
dispersal distances) obtained from mark-release-recapture (MRR)
x¢ = log(x) 28
Dispersal propensity Dispersal tendency estimated from the difference between all marked individuals and the
proportion of recaptures occurring in the patch of initial capture (i.e. the fraction of residents) in
MRR surveys. Corresponds to [1-the fraction of residents].
x¢ = )x 25
Gene flow Effective dispersal estimated from gene flow across landscapes, as assessed by the observation of
allozyme distributions. Corresponds to 1-FST. FST, the genetic structuring of populations
inferred from genotypes at polymorphic allozymes, is inversely related to spatial gene flow.
1-FST is thus proportional to gene flow among populations and informs dispersal efficiency.
x¢ = 1 ) x 26
Mobility Daily displacements Mean daily displacement (m) estimated from movements between successive catpures in MRR.
Takes also account from intra-patch movements.
x¢ = log(x) 19
Vagrancy Indicates the relative frequency of butterflies sights outside patches with suitable host plant(s)
in transect surveys (Cook et al. 2001)
x¢ = log(x + 1) 19
Migration Migration tendency, as estimated by Cook et al. (2001). The index is the sum of ranks for eight
attributes, placed in order of magnitude: (1) ex-habitat vagrants, (2) suburban garden records, (3)
urban, central business district records, (4) recorded range expansions, (5) at-sea records, (6)
records of undertaking mass-movements, (7) evidence of overseas migration, (8) habitual
seasonally reversed long-distance migrations.
x¢ = log(x) 19
Expert score Mobility (both dispersal and migration) ranking by Bink (1992) x¢ = ln(x) 138
*Number of European butterfly species for which the mobility measurement is given in Stevens et al. (2010b).
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In mobility measurements derived from MRR and genetic surveys,
several values per species were often available. In these cases, we
retained the value that reflected the strongest mobility.
Traits database
For information on butterfly traits, we mainly used Bink (1992) and
Lafranchis (2000). Bink (1992) provides data on 19 traits for 142
species from N-W Europe. An additional trait, the egg-laying strategy,
was extracted for 133 of those species from Lafranchis (2000), and for
five additional species by searching the literature.
We used 11 life-history traits pertaining to species demography:
potential and maximum fecundity, adult lifetime, the annual number of
generations, the larval growth rate (both for the first annual generation and
averaged over successive generations), the ripe egg load at emergence,
the ovigeny index (proportion of eggs matured at female emergence), the
duration of adult female maturation, the overwintering stage and the flexibility
of the life-cycle. All these traits were strongly inter-correlated
(Appendix S1). Therefore, we summarised demography by the first
three axes of a principal component analysis (PCA). This PCA was
built on ten traits (detailed in Table 3). The flexibility of the life cycle
was not included as it was binary, separating species with inflexible
life-cycle from species with prolonged, shortened or repeated
diapause, with facultative aestivation or with staggering of emergences,
all considered flexible species.
Four traits described species ecological specialisation: thermal
tolerance, adult habitat range, larval dietary breadth and the strength of a
mutual association with ants (myrmecophily). The first three traits were
summarised by the first two axes of a PCA (Table 4) for further
analyses. Myrmecophily was not included in this PCA, because it is
strongly skewed to the family Lycaenidae (44 species of the 142 have
associations with ants).
Wing length was the only morphological trait available in the dataset.
Wing length was averaged by Bink (1992) over sexes and generations
in cases where these were polymorphic.
Three behavioural traits were considered. For females, we retained
the precision of oviposition behaviour (female precision) that ranged
from 1: the female lays where it lands, or even when it is still flying, to
9: the female chooses the plant species, the tissue, the height and the
orientation before laying. Secondly, we considered the female laying
strategy, segregating single-egg layers from those species that lay
batches of ‡ 2 eggs. For males, we retained seven levels in the strategy
of mate location, from sit-and-wait strategy to lek forming, through
neutral patrolling and territoriality.
Finally, our database reports on the length of the flight period for the
first annual generation. Flight period results from the interplay
between adult lifetime and the synchronisation of adult emergences, as
shown by the low, but significant correlation between lifetime and
flight period (Appendix S1).
Table 3 Contribution of 10 butterfly demographic traits to the three-first axes of a PCA, and their correlations with these axes
Trait Trait description
Relative contribution to
PCA axes (%)
Correlation with
PCA axes
Axis 1 Axis 2 Axis 3 Axis 1 Axis 2 Axis 3
Ovigeny index Proportion of full-grown eggs at female emergence. 5.8 0.5 26.9 )0.47 )0.10 0.64
Female maturation Duration (days) between female emergence and its first laying. 4.6 14.5 25.9 0.42 0.56 )0.63
Ripe egg load Number of mature eggs in females abdomen at emergence. 6.9 12.1 10.7 0.51 0.51 0.41
Potential fecundity Mean number of eggs laid by females of the species. 17.3 6.2 6.5 0.81 0.36 0.32
Maximum fecundity Maximum number of eggs a female of this species may lay. 17.2 4.3 7.8 0.80 0.30 0.35
Overwintering stage Stage at which the species usually overwinters. Ranges from 0 (egg) to
6 (adult), and an additional category for species without
overwintering (warm regions).
9.9 2.6 6.0 0.61 )0.24 0.30
Number of
generations per year
Annual number of generations, from 0.5 (biannual species) to
3 generation ⁄ year
11.9 9.9 0.9 0.67 )0.46 0.12
Adult lifetime Mean duration (days) of the adult stage. Upper limit set at 60 days
for species owerwintering as adults.
4.7 10.6 8.7 0.42 0.48 )0.37
Larval growth rate (1st
annual generation)
Duration (days) of the feeding period for larvae (i.e. without diapause)
of the first annual generation.
11.2 19.9 3.1 )0.65 0.65 0.22
Larval growth rate (averaged
over generations)
Duration (days) of the feeding period for larvae (i.e. without
diapause), averaged over the various annual generations.
10.5 19.3 3.5 )0.63 0.64 0.23
Table 4 Contribution of three butterfly specialisation traits to the two-first axes of a PCA, and their correlations with these axes
Trait Trait description
Contribution to
PCA axes (%)
Correlation with
PCA axes
Axis 1 Axis 2 Axis 1 Axis 2
Thermal tolerance Degree of adult tolerance to temperature extremes and temperature variations. 43.8 6.7 0.78 )0.25
Adult habitat range Number of different ecosystems in which adults are usually found. 44.4 5.2 0.79 )0.22
Larval dietary breadth Number of different host plants caterpillars accept: Plants of one species, several
species of the same genus, several genus of the same family or several families.
11.8 88.2 0.41 0.91
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Statistical analyses
The main goal of our statistical analyses was to detect whether
dispersal measurements were correlated with other relevant traits in
butterflies. We used analyses of variances, all performed with R
(R Development Core Team 2011). We first built models where a
given mobility measurement was considered as the dependent variable
and other traits were proposed as explanatory variables. For MRR and
genetic-derived measurements, the spatial scale of the study site was
added as a covariate, as it may impact the measurement of dispersal
(Schneider 2003; Stevens et al. 2010b). We used the longest distance
between samples, except for daily displacements where the mean
distance to nearest patch was retained. Next, we selected candidate
models among all simpler models derived from the full model. We
compared the candidate models by their Akaike Information
Criterion, corrected for small sample sizes (AICc) (Burnham &
Anderson 2002). We retained all models with DAICc < 2.0 from the
model with lowest AICc. Dispersal measurements were unfortunately
generally available for no more than 30 species (Table 2), which
impeded us to include all main effects and their interactions in a single
model (i.e. 12 variables + scale as a covariate). Therefore, we
compared AICc of a first bulk of models with eight dependent
variables. Then, we dropped all variables not retained by the AICc
selection from this subset, and added the remaining variables and six
interactions between specialisation (two PCA scores) and routine
behaviours (mate location, laying strategy and female precision), and
again selected the model(s) that best fitted the data. When several
models had similarly low AICc (delta < 2), they were averaged as
implemented in the MuMIn R package and the statistical significance
of each effect was appreciated by the observation of the confidence
interval of its estimate.
The effects of phylogeny were accounted for using phylogenetic
generalised least squares (PGLS). Pavoine et al. (unpublished) recently
showed that a wide variety of life-history traits (including mobility)
were both constrained by species phylogeny and by habitat filtering.
In particular, their study of butterfly community assemblages
supports the hypothesis that local environmental filtering may had
driven character convergences in functional traits of species
belonging to different clades. We therefore systematically compared
models with phylogenetic relationships (PGLS) to models consider-
ing species as independent units (generalised linear models: GLM),
using their respective AICc as an indication of their relative fit. We
used the consensual phylogenetic tree provided in Cizek et al. (2006),
and computed branch lengths using Grafens (1989) method. Next,
we pruned this tree that originally comprised 369 species so as to
retain only the species for which the mobility measurement was
available. Correlation structure was then calculated under the
hypothesis of a Brownian motion, before being incorporated into
the PGLS.
All the mobility measurements were transformed prior to analyses
so as to conform or approach normality (Table 2). We, moreover,
standardised all explanatory variables (except the two binary variables)
to be able to compare the extent of their effects in GLM and PGLS.
RESULTS
The three-first axes of the PCA applied to demography summarised
cumulatively 74% of the variance in these traits, with, respectively, 38,
21 and 15% of the total variance (Table 3). The PCA applied to
specialisation traits summarised 79% of the variance in two axes
representing 47 and 32% of the total variance respectively (Table 4).
Correlates of dispersal and verification of theoretical expectations
Our results strongly supported the association of dispersal with
demography (Table 5). This was particularly true for the first axis of
the PCA on demographic traits, which positively correlated with six of
the eight mobility measurements considered, although the relationship
with daily displacements and gene flow was not significant (Table 5).
This axis was, however, not retained in models for dispersal
propensity or vagrancy.
Long-winged species had higher dispersal propensity, longer mean
dispersal distances and higher frequency of long-distance dispersal
than short-winged species. Experts also gave them higher scores.
Other significant relationships were less general across traits or
mobility measurements (Table 5). Expert score was higher for
generalist species, which also had significantly less genetic structuring
among their populations (higher gene flow) and tended to migrate less
than specialists. Compared with egg-batch layers, single-egg layers had
significantly longer mean dispersal distances and higher expert scores.
Butterflies with high scores on demographic axis 2 had higher long-
distance dispersal frequencies. Unsurprisingly, the spatial scale over
which they were measured also affected the mean dispersal distance
and the daily displacements measured.
Contrary to what was predicted, several traits had no significant
effect on mobility, regardless of the mobility measurement (see
Tables 1 and 5). The specialisation x behaviours interactions also had
no significant effect on mobility.
Phylogenetic effect
Phylogeny had negligible influence on butterfly mobility: the PGLS-
GLM comparison highlighted the low impact of phylogenetic
relationships on the correlations among traits: GLM almost always
outperformed PGLS in explaining the variance in butterfly mobility.
The difference between the lowest AICc of a GLM and the lowest
AICc of a PGLS was < )14 for seven mobility measurements of
eight. For vagrancy, however, the phylogenetic constraint was
prominent, as only the phylogenetic correlation was retained in the
best PGLS, which outperformed GLM (DAICc with best
GLM = )18.9) and other PGLS models (DAICc with second best
PGLS = )4.1).
DISCUSSION
Dispersal as a part of demographic strategies
Our analyses revealed a strong association between demography and
the ability to disperse, or, more generally, to move. Although
fecundity, maturation time and adult survival has not been reported in
the same unit of time (hence some non-conventional associations
among demographic traits arose), the first axis grossly describes the
well known slow-fast continuum found in vertebrates (Gaillard et al.
1989; Clobert et al. 1998) where r-species are characterised by a high
fecundity. Therefore, the high impact of demographic axis 1 on
mobility measurements reinforces the idea that a high mobility is part
of the r-strategy. Migration has been mentioned in this strategy, as a
means to temporarily escape from unfavourable conditions
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(Southwood 1988). Our results suggest that dispersal is another spatial
mechanism involved in the r-strategy since dispersal kernels, indicative
of the frequency of long-distance dispersal and of the mean distance
of inter-patch movements, strongly correlated with the axis 1 of
demography. This axis also marginally impacted gene flow (Table 5).
However, to what extent this relationship is causal remains to be
elucidated. The comparative method used here is a powerful tool for
detecting associations among traits across species (Pagel & Harvey
1988), but the interpretation requires caution as associations may be
indirect or even non-adaptive, resulting, for instance, from epistasy or
pleiotropic effects (Rose 1982). Dispersal, like migration, is supposed
to evolve under conditions of habitat instability (Gadgil 1971; Roff
1975; Comins 1980; McPeek & Holt 1992; Travis & Dytham 1999). In
butterflies, dispersal may thus have been selected by the same
environmental pressures that shaped life-history strategies. In agree-
ment with this hypothesis, Dennis et al. (2004) showed that butterfly
mobility correlated with habitat disturbance (as measured by the host
plants generation time). They hypothesised that this pattern emerged
from butterflies and their host plants having evolved under common
environmental conditions. However, alternatively, migration could be
the causal link between demography and dispersal. In this scenario,
enhanced flight performances in migratory species might cause an
apparent link between dispersal and demography, even if only
migration is selected for by habitat instability. There is support for this
hypothesis in birds, where morphological traits (wing shape) relate to
both migration and dispersal (Dawideit et al. 2009). Contrarily to that
observed in birds, we found a direct effect of morphology (wing
length) on dispersal, but not on migration. Nevertheless, in butterflies,
there is some correlation between dispersal ability and migratory
tendency (Stevens et al. 2010b). An indirect relationship might have
arisen, but only if morphological or physiological traits other than
wing length link dispersal to migration, and caused dispersal to evolve
as a consequence of the evolution of migration. Hence, for the
moment, we cannot discriminate between these two non-mutually
exclusive hypotheses: dispersal evolved directly as a part of the
r-strategy in response to habitat instability, or, alternatively, dispersal is
facilitated in species with attributes allowing migration.
The positive relationship of mobility to r-selected traits invalidated
the existence of a general mobility-fecundity trade-off in butterflies.
Fecundity was positively correlated with demographic axis 1, which in
turn positively correlated with mobility. Although the oogenesis-flight
trade-off was evidenced in several insects (reviewed in Denno et al.
1989), there are also examples of high movement capacity associated
with rapid development, early reproduction and high fecundity like we
Table 5 Summary of generalised linear models (GLM) and phylogenetic generalised least squares (PGLS) built to investigate the relationship between dispersal or mobility
ability of butterflies (for a description of mobility measurements see text and Table 2) and their demographic traits, their degree of specialisation, their routine behaviours, the
duration of their flight period and their morphology (for a description of traits, see text and Tables 3 and 4). Bold-typed estimates show significant effects (with zero outside the
95% confidence interval of their estimate)
Mobility
measurement Model type Int.
Demography
Flight
period
Specialisation
Wing
length
Behaviours
Interact. with
axis1 spec.
Covar.
Spatial
extent
Model
performance
PCA
axis1
PCA
axis2
PCA
axis3
Flex. PCA
axis1
PCA
axis2
Myr. Mate
loc.
Lay.
precis.
Lay.
strat.
* lay.
strat.
* mate
loc. R2 W
Mean dispersal
distance
GLM* Est. )0.73 0.23 )0.06 – – )0.15 – – – 0.12 – – )0.31 – – 0.14 0.75 0.58
l.IC )0.83 0.13 )0.15 )0.31 0.02 )0.55 0.04
u.IC )0.63 0.33 0.02 0 0.22 )0.06 0.23
Frequency of
long-distance
dispersal
GLM* Est. )2.21 0.32 )0.30 0.20 – )0.28 – – – 0.32 )0.25 – – – – – 0.63 0.65
l.IC )2.5 0.08 )0.54 )0.08 )0.71 0.06 )0.54
u.IC )1.92 0.55 )0.07 0.48 0.14 0.58 0.05
Dispersal
propensity
GLM* Est. 0.82 – 0.04 – – – – – 0.05 0.08 – – – – – – 0.45 0.90
l.IC 0.76 )0.01 )0.1 0.02
u.IC 0.87 0.09 0.1 0.14
Gene flow GLM* Est. 0.84 0.05 – – – – 0.05 – – 0.03 – – – – – – 0.56 0.66
l.IC 0.8 0 0.01 )0.01
u.IC 0.88 0.09 0.1 0.06
Daily
displacement
GLM* Est. 2.25 0.16 – – – – – )0.10 0.09 – – – – – – 0.26 0.84 0.65
l.IC 2.15 )0.01 )0.21 )0.22 0.15
u.IC 2.35 0.33 0.01 0.09 0.37
Vagrancy PGLS Est. )0.46 – – – – – – – – – – – – – – NA NA 0.82
l.IC )1.03
u.IC 0.1
Migration GLM Est. 0.59 0.05 – – – – 0.03 – – – 0.04 – – – )0.05 NA 0.90 0.36
l.IC 0.56 0.04 0.01 < 0.00 )2.79
u.IC 0.62 0.06 0.05 0.08 0.01
Expert score GLM* Est. 0.12 0.24 – – 0.10 – 0.17 – – 0.05 0.05 – )0.18 0.04 )0.01 NA 0.60 0.53
l.IC 1.15 0.18 )0.2 0.11 0 < 0.00 )0.32 )0.1 )0.05
u.IC 1.32 0.3 0 0.22 0.11 0.1 )0.04 0.18 0.03
*GLM model resulting from the averaging of all models with DAICc < 2.0 from the model with the lowest AICc. Dash indicates a variable that was not retained in the model
(interactions with no effect across all models not shown). NA indicates variables not proposed in the models. Int., intercept; Est, estimate; l.IC and u.IC, lower and upper limits
of the 95% confidence interval for the estimate; PCA, principal component analysis (see text for details); Myr, myrmecophily; Flex, Flexibility; Mate loc, Mate location; Lay.
precis, laying precision; Lay. strat, laying strategy.
R2, is the pseudo-R2, calculated as the squared correlation between observed and predicted values.
W, model weight, or sum of weights of all concurrent models retained in the averaging (for GLM*).
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showed here (Lavie & Ritte 1978; Hanski et al. 2006). The
consequences of this result are discussed further (see below:
Evolutionary consequences).
The effect of demographic axis 2 on the frequency of long-distance
dispersal was only significant when the effect of demographic axis 1
was accounted for, which possibly indicates a disproportional
contribution of those traits that contributed strongly to the second
axis when compared with the first (i.e. larval growth rate, adult
lifetime, and maturation time). These life-history traits are positively
correlated with the second axis of demography, which in turn
correlated negatively with the dispersal measurement. As such, our
results indicate that long-distance dispersing species tend to be fast
developing species. This was counterintuitive, as a long maturation
could also have increased the frequency of long-dispersal movements.
The opposite trend observed here corroborated the hypothesis that
dispersal in butterflies probably evolved in part as a response to
habitat instability within the fugitive species syndrome (Tilman 1994).
Adult lifetime positively correlated with both axis1 and axis 2 of
demography; as such we cannot directly assess the relationship of
adult lifetime with dispersal (as those axes had opposite effects). This
would require the collection of survival data within the right time scale
to better establish its link with other demographic parameters as well
as with dispersal. The hypothesis that lifetime should be traded-off
against dispersal ability at the inter-specific level is thus still an open
question. There is, however, empirical support for such a trade-off in
the Glanville fritillary butterfly (Hanski et al. 2006).
The fact that demographic axis 3 did not correlate with mobility was
surprising, but can be linked to the fact that this axis only accounted
for 15% of the total variance in life-history traits. This can also be the
net result of the antagonistic forces relating dispersal to capital
breeding (Table 1): direct costs of movement may penalise capital
breeders, as increased relative abdomen mass will reduce flight ability
(Jervis et al. 2005). On the other hand, capital breeders could be
advantaged as they have more opportunity to mate before dispersal,
and to allocate adult-acquired resources to flight versus egg maturation
(Dennis et al. 2003).
Contrary to what we expected, the length of flight period had no
significant effect on dispersal. Hence, the hypothesis that dispersal
costs might be reduced with an increased window for dispersal did not
find support in butterflies.
Dispersal and morphology
Dispersal allometry is variable in butterflies, depending on which
mobility, measurement is considered. Wing length strongly related to
the frequency of long-distance dispersal, more loosely with the mean
dispersal distance and the dispersal propensity, and not at all with gene
flow (Table 5). The assumed causal relationship between dispersal and
wing length comes from studies where the potential effect of other
traits was not controlled for. However, as already mentioned, body
size correlates with many life-history traits through allometry
(Blueweiss et al. 1978; Wiklund et al. 1987; Gaillard et al. 1989; Clobert
et al. 1998; Garcia-Barros 2000). As we controlled for the effect of
several of these traits, the effect of wing length may have been
reduced.
Wing length is, however, strongly related to the frequency of long-
distance dispersal of butterflies, even when controlling for the effects
of other life-history traits. The body size effect on this dispersal
measurement thus goes beyond life-history allometry. Rather, we
suspect that the metabolic cost of flight is the key behind this pattern:
as the cost of flight per unit weight is very constant (Tucker 1970;
Schmidt-Nielsen 1972), large species are probably able to move longer
distances at relatively low metabolic costs. This clearly requires further
research.
Dispersal and specialisation
Species specialisation had noticeably weak relationships with dispersal,
with (low) correlations only between the first axis of the specialisation-
PCA and dispersal efficiency (gene flow). However, this result is
important, as it indicates that the advantage to generalists resides in
the successful transition from individual movement to effective gene
flow. This relationship is thus probably attributable to the deferred
costs, i.e. paid at or after immigration into the new habitat patch
(Stamps et al. 2005; Bonte et al. 2011). Several mechanisms might
increase the deferred dispersal costs for specialists. Attrition during
transfer may be higher for species with narrow thermal tolerances, and
attrition can reduce individuals attractiveness to potential mates or
diminish life expectancy or fecundity (Bonte et al. 2011); species with
narrow habitat selection may also suffer reduced fitness after
immigration into sub-optimal habitats, while more habitat types are
optimal for habitat generalists; and attrition costs may also be higher
for species accepting few nectar sources, which may result in fewer
feeding opportunities during transfer. Adult feeding generalism is,
however, associated with larval dietary breadth in butterflies (positive
and negative relationships were shown, depending on context and
analytical procedures: Stefanescu & Traveset 2009), a trait with hardly
any effect on specialisation axis 1 (but rather on the second axis, not
retained in our best models) and independent from adult habitat range
(Appendix S1). This discredits this last hypothesis that habitat
generalists may benefit from more en route nectaring. Specialisation axis
1 is dominated by adult habitat range and adult thermal tolerance, with
generalists having high scores. The advantage to generalists thus
probably results from differences in performance after immigration
related to thermal tolerance or habitat selection, a question that could
be solved by the confrontation of field data on movement rates and
individual performances, to genetic data informing the genetic
components of dispersal.
It is noteworthy that specialisation, although uncoupled with
dispersal movements and only loosely related to migration and gene
flow, has a large impact on expert score. This may indicate that expert
scoring is influenced by species specialisation. It is reasonable to think
that an expert may overestimate the mobility of species seen in a large
variety of habitats, and flying under wide ranges of temperatures, two
traits positively correlated with the first axis of the specialisation-PCA.
Dispersal and routine behaviours
Surprisingly, and contrary to our expectations, when routine move-
ments affected dispersal, this was independent from ecological
specialisation (interactions not shown in Table 5 were not significant).
In line with our expectations, single-egg layers realised longer dispersal
distances than egg-batch layers, probably because single-egg layers had
to move more often to select their oviposition sites. Interestingly, the
oviposition strategy only correlated with short-distance dispersal.
Indeed, the mean dispersal distance was extracted from negative
exponential kernels that best fit at relatively short distances
(Baguette 2003). This might indicate that only small-scale inter-patch
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movements can be realised as a by-product of routine movements.
This difference in patterns related to short- and long-distance
dispersal movement is in accordance with the findings of Hovestadt
et al. (2011), showing the presence of mixed dispersal kernels in the
butterfly Maculinea nausithous, which they hypothesised was the
outcome of a mixture of two distinct processes: daily routine
movement and genuine dispersal (Van Dyck & Baguette 2005). Such
routine movements did not impact on the frequency of long-distance
movements or gene flow, both of greatest importance for species
spread, species persistence and metapopulation functioning (Baguette
2003; Schtickzelle et al. 2005a; Trakhtenbrot et al. 2005).
Evolutionary consequences
Dispersal directly interacts with the adaptive response of species to
environmental changes, as it is responsible for the spatial redistribu-
tion of genotypes (Ronce 2007). This meta-behaviour now faces
increased selective pressures because of the conjunction of an
increasing impact of those global changes that require a spatial
response through increased dispersal, and the ubiquity of dispersal
costs (Bonte et al. 2011). The fact that dispersal life-history trait
relationships are highly variable among the dispersal measurements
considered challenges and the hypothesis that all behaviours related to
dispersal have evolved jointly into a real dispersal syndrome (Clobert
et al. 2009); rather, each element in the dispersal process has probably
evolved partly independently from the others in response to
uncoupled selection pressures (Baguette & Van Dyck 2007; Clobert
et al. 2009), and will probably continue to do so in the future. We
think that this pattern has resulted from the partly independent costs
associated with the various dispersal steps (Baguette & Van Dyck
2007; Bonte et al. 2011).
Our analyses ignored within-species variation in dispersal behav-
iours and in other traits. However, these may be quite high (see
Stevens et al. 2010a on the importance of intraspecific variation in
dispersal). The strong correlations among traits may also constrain
dispersal at the within-species level. For instance, Schtickzelle et al.
(2006) showed contrasting dispersal behaviours in the butterfly Boloria
eunomia, a pattern that paralleled the level of fragmentation in suitable
habitats. It would be interesting to investigate how other traits behave
along such a gradient of habitat fragmentation. If other trait values are
selected for as a by-product of selective pressures imposed on
dispersal behaviours, this may have strong effects on processes like
local adaptation and speciation. Likewise, other environmental
conditions may change the cost-benefit value of dispersal, like
population density (Konvicka et al. in press), host plant distribution or
climate. Investigating how the co-variations among traits vary
according to these conditions at the population level certainly
deserves further empirical investigation.
Dispersal consists of several behaviours, from the decision to leave,
through the ability to move safely through inhospitable habitats, to
navigate towards a suitable patch, to the settlement and the
recruitment into this patch (Stenseth & Lidicker 1992; Ims & Yoccoz
1997). We showed that these components of dispersal may be partially
decoupled in evolutionary and ecological times. Although related to
movement rates, wing length has no direct effect on dispersal
efficiency (i.e. gene flow) in butterflies. We observed the reverse for
specialisation, which was related to gene flow, but not to individual
movements. Accordingly, we suggest that individual movements and
gene flow, two components of the dispersal process, might be
uncoupled under some circumstances. Furthermore, ordinary move-
ments may result in small-scale dispersal, but have no significant effect
on long-distance dispersal and gene flow. Hence, ecological or
evolutionary changes in ordinary movements might impact local
dispersal, but will probably have no effect on spatial gene flow,
especially for long distances. Likewise, if the relationships between the
frequency of long-distance dispersal and the second demographic axis
(Table 5) is causal, or at least direct, an evolutionary change in
development rate, like for instance, in response to climate change
(Parmesan 2006), may result in a side-effect on the ability to move
long distances.
Our comparative study helps identify which life-history traits co-
vary with which dispersal traits; however, this study does not identify
the causal mechanisms of these covariations. As such, further
mechanistic studies testing the processes that explain the correlations
are now warranted. Nevertheless, we may expect the evolution of
longer dispersal distances to be slow for species with currently low
dispersal ability, simply because these also tend to have low
demographic turnover.
The fact that the relationships between dispersal and other life-
history traits were highly variable among the dispersal measurements
considered also suggests that the selective pressures acting on each of
those components potentially may have decoupled effects on other
traits. Noticeably, the dynamics of specialisation and effective
dispersal will probably interact in populations facing changed spatial
pressures, with consequences for community composition and
functioning. Devictor et al. (2008) already showed that human-driven
environmental changes result in biotic homogenisation. The link
between the ability of a species to maintain gene flow and its
specialisation will probably reinforce this homogenisation, as the
consequence of an increased pressure for higher effective dispersal
rates (as imposed by fragmentation and climate change). This would
favour generalist species over specialists. Likewise, the presumed
absence of an oogenesis-flight trade-off has important consequences
for the evolutionary potential at invasion fronts, as both dispersal and
demography may jointly evolve towards increased invasiveness.
Finally, our analyses showed evidence of low phylogenetic
constraints acting on dispersal in butterflies, consistent with the
observation of Pavoine et al. (unpublished) who quantified the relative
importance of common ancestry and habitat filtering in shaping the
evolution of butterfly traits (including the expert score we used) within
a metacommunity, and who showed that habitat filtering has the
dominant effect, whereas phylogenetic constraints were much lower.
The strong association of dispersal and demography reinforces this
idea that both demography and mobility are evolutionary labile traits,
which have converged in distant clades subjected to common
environmental constraints, for instance, habitat instability. There is,
however, a possibility that the small sample sizes available for some
mobility measurements did not reveal the phylogenetic constraint on
the corresponding mobility trait.
Consequences for species functioning under changed environmental
conditions
The positive relationship between demography and dispersal ability
has major implications for both species invasiveness and species
persistence. Low rates of displacement through landscapes disfavour
the persistence of species facing climate change or habitat fragmen-
tation (Henle et al. 2004; Ockinger et al. 2010), although some authors
82 V. M. Stevens et al. Review and Synthesis
 2011 Blackwell Publishing Ltd/CNRS 132
argue that butterfly species with intermediate dispersal levels would
decline the most (Thomas 2000). Given that dispersal correlated with
demography, the challenges imposed by habitat fragmentation or by
climate change should disproportionately impact species with low
demographic turnovers, as these species also proved to have low
dispersal rates. Specialist butterflies should suffer more from these
environmental changes than generalists, because they have developed
low dispersal abilities. However, both a low turnover and a high
specialisation per se predispose species to extinction (Henle et al. 2004;
Barbaro & van Halder 2009). Together, the correlations among traits
would thus globally increase the discrepancy between species at risk
and species less at risk in face of global environmental changes.
The existence of a colonisation syndrome has been questioned in
theoretical studies (Ronce et al. 2000). Our study provides evidence of
such a syndrome in butterflies where the turnover of individuals
within populations was positively correlated with dispersal ability. In
the same vein, high growth rates predispose plants to invasiveness
(van Kleunen et al. 2010). In butterflies, strong dispersal tends to be
related to fast turnovers, which will reinforce the invasiveness of those
species that have high values for both. The Large White butterfly
(Pieris brassicae) has, for example, very high dispersal power and a very
fast turnover. These traits probably worked together to produce its
invasive success (Feltwell 1982).
Consequences for the choice of substitute species
Accounting for species dispersal ability is of primary importance to
develop efficient conservation strategies under global environmental
changes (Brook et al. 2000). The lack of dispersal has been recognised
as a main limitation of models for predicting biodiversity patterns
(Guisan & Thuiller 2005; Engler & Guisan 2009). If the relevant
dispersal data are unavailable, modellers either assume that there is no
dispersal, or, on the contrary they assume that dispersal is unlimited.
The addition to these models of dispersal data, even if imprecise, will
help reduce the uncertainty of their predictions (Engler & Guisan
2009). Therefore, an attractive solution should be using a substitute
species, i.e. a species used on the assumption that it shows how the
species of conservation concern might respond to a given environ-
mental disturbance (Caro et al. 2005). The critical element in the
choice of this substitute is therefore its similar response to the focal
processes. Our results give some insights on how substitutes for
dispersal ability should be chosen.
An intuitive idea has been choosing the most closely related species
for which the information is available (as did Schtickzelle et al. 2005b).
The low impact of phylogenetic relationships on butterfly dispersal
questions whether that is a valid approach. Rather, we suggest that a
species with comparable demography is in most cases the best choice.
Then, if one wishes to gain insight into gene flow, the proximity in
species specialisation and particularly in thermal tolerance and adult
habitat range can be considered alternatively.
Wing length has also often been used as a proxy for species mobility
(e.g. in Ockinger et al. 2010), which was justified by the widespread
correlation between flight ability and body size (Paradis et al. 1998;
Sutherland et al. 2000; Komonen et al. 2004). We may, however,
wonder whether body size is a valuable proxy for dispersal traits.
Dispersal might correlate directly with wing length. However, its value
as a dispersal proxy might be artificially inflated by the allometry of
other traits related to dispersal. We show here that the potential
advantages of summarising dispersal by body size (wing length) is
reduced given that (1) wing length relationships are low for most
dispersal measurements, (2) allometric traits may have either no
relationship or an inverse relationship with dispersal and (3) several
non-allometric traits correlated better with dispersal (noticeably the
specialisation or the egg-laying strategy) (Table 5). Using wing length
alone will probably be insufficient to accurately predict a species
dispersal ability. Hence, although inferring dispersal ability from wing
length may be the least bad solution for species for which
information on other traits is unavailable, the precision of this
prediction will be rather low for most components of dispersal.
Likewise, Sutherland et al. (2000), using a positive relationship
between mammal body size and dispersal distance, have tried to
apply this correlation to predict the expected median or maximum
dispersal distance for species of given body sizes. The predictive
capacity of their correlation was rather low, indicating that body size is
a poor predictor of mammal dispersal abilities. In butterflies, species
of similar wing length, however, may be preferred as a substitute in
cases where the frequency of long-distance movements is an issue.
Generality of the patterns
It is difficult to generalise the patterns we observed in butterflies (i.e. a
strong association of dispersal with demographic traits, variable effects
of body size and low phylogenetic constraints) across different
taxonomic groups. Several studies have examined the relationships
between dispersal and other traits at the species level. However, both
the dispersal measurements and the traits considered varied widely
among these studies. To our knowledge, the relationship with
demographic traits was only investigated in plants (Thomson et al.
2010), but only the dispersal mechanism was considered, whereas the
frequency, the distance or the efficiency of dispersal were all ignored.
The allometry in dispersal distances was observed in several taxa:
marine fishes, mammals and birds with larger adult size dispersing
larger distances (Sutherland et al. 2000; Bradbury et al. 2008); and the
dispersal distance is positively correlated with propagule size across a
wide variety of actively dispersing organisms (Jenkins et al. 2007).
These reviews ignored other traits (in particular, the demographic
traits co-varying with dispersal in butterflies), and their results cannot
be interpreted as evidence for a direct effect of body size on dispersal.
Our study showed that this effect may exist for the frequency of long-
distance dispersal, but not for gene flow. As not all other studies
separately addressed these two components of dispersal, we cannot
generalise at this stage about the pattern of dispersal allometry.
It seems that the phylogenetic dependency of dispersal has not been
assessed per se before. Rather, in some comparative studies cited here,
the correction for phylogenetic dependency was applied a priori, with a
variety of methods (PGLS, family added as either a categorical or a
random variable and phylogenetic independent contrasts), whereas in
other studies phylogenetic dependence was not considered at all.
Investigating how phylogeny constrains dispersal across taxa certainly
deserves further attention as this comparison would help us better
understand the patterns of dispersal evolution.
CONCLUSION
Using the rich literature on butterfly dispersal, we highlighted a strong
association between most components of this meta-behaviour and the
demographic strategy of species. We also showed that body size has
less impact on dispersal than previously thought, and particularly had
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no impact on spatial gene flow, which is the ultimate motivation of
dispersal. Routine movements only impacted short-distance move-
ments and had no insignificant effect on gene flow, which, contrarily
to movement rates, was constrained by adult specialisation. Another
crucial result was the negligible constraint imposed by phylogenetic
relationships. Taken together, these results are of direct applicability
for biodiversity conservation, as they allow (1) adequate choice of a
substitute species, (2) identification of species most at risk under
habitat fragmentation and climate change and (3) identification of
side-effects of the selective pressures imposed on various components
of dispersal under those challenges. In addition, we have shown how
the various components of dispersal might be under decoupled
selective constraints, a subject that certainly deserves further attention,
particularly to detect the cause of the relationships we observed
between species traits.
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Abstract
Due to its impact on local adaptation, population functioning or range shifts, dis-
persal is considered a central process for population persistence and species evo-
lution. However, measuring dispersal is complicated, which justifies the use of
dispersal proxies. Although appealing, and despite its general relationship with
dispersal, body size has however proven unsatisfactory as a dispersal proxy. Our
hypothesis here is that, given the existence of dispersal syndromes, suites of life-
history traits may be alternative, more appropriate proxies for dispersal. We
tested this idea by using butterflies as a model system. We demonstrate that dif-
ferent elements of the dispersal process (i.e., individual movement rates, dis-
tances, and gene flow) are correlated with different suites of life-history traits:
these various elements of dispersal form separate syndromes and must be consid-
ered real axes of a species’ niche. We then showed that these syndromes allowed
accurate predictions of dispersal. The use of life-history traits improved the preci-
sion of the inferences made from wing size alone by up to five times. Such trait-
based predictions thus provided reliable dispersal inferences that can feed simula-
tion models aiming at investigating the dynamics and evolution of butterfly pop-
ulations, and possibly of other organisms, under environmental changes, to help
their conservation.
Introduction
The response of biodiversity to global environmental
changes is a subtle blend of three ingredients: tolerate the
new conditions or adapt, disperse to escape, or decline
locally. Dispersal is key in all these ingredients as the move-
ment of individuals that induces gene flow has a consider-
able role in evolutionary ecology (Ronce 2007; Clobert
et al. 2009, 2012), for instance, on the evolution of local
adaptations (Doebeli and Dieckmann 2003), and it is also
central to the spatial dynamics of populations and meta-
populations (Hanski 1998, 1999a). If we are to accurately
predict, for instance, the distribution shifts or the potential
for evolutionary adaptations under climate change, or the
spatial functioning of populations in fragmented land-
scapes, we need accurate information on dispersal (Berg
et al. 2010). However, measuring dispersal is challenging as
it is unpredictable in space and time (Nathan 2001), and
recording movements among local populations is labor
intensive and is usually biased by sampling scale limitations
(e.g., Schneider 2003; Franzen and Nilsson 2007).
An appealing solution to overcome this difficulty is to
infer dispersal ability for populations or species of interest
rather than to measure it directly. One option for making
such inferences is to identify general patterns in the organi-
zation of dispersal ability across individuals, populations or
species, and then to search for a trait—or a suite of traits—
that parallels these patterns, which can then be used as a
dispersal proxy. Body size was the first candidate in this
quest, as it may relate to dispersal either directly because
locomotion is scaled to body size, or indirectly because dis-
persal has causal relationships with other size-dependent
traits or processes (Bowman et al. 2002; Clobert et al.
2004). As expected, body size and body shape co-vary with
movement rate and dispersal distances in several taxa
(moths: Beck and Kitching 2007; birds: Dawideit et al.
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2009; plants: Thomson et al. 2010; butterflies: Turlure
et al. 2010; Sekar 2012; Stevens et al. 2012). However, the
power of the predictions that could be obtained from this
co-variation is low since this relationship is rather noisy,
and therefore casts doubt about its use to predict dispersal
(Dawideit et al. 2009; Sekar 2012; Stevens et al. 2012). In
line with this, Baguette et al. (2000) showed that the differ-
ence in dispersal rates of three butterfly species over a com-
mon network of habitat patches could not have been
predicted from differences in their body sizes. Nevertheless,
wing size is still frequently used as a direct proxy for butter-
fly dispersal ability (e.g., Fric et al. 2006; Ockinger et al.
2010).
We believe that life history may offer a better alternative
to infer dispersal. Indeed, dispersal is tightly woven into an
organisms’ life history, encapsulated in syndromes associat-
ing different life-history traits both at the within- and at
the between-species level (e.g., Li and Margolies 1993; Fjer-
dingstad et al. 2007; Ronce and Clobert 2012; Stevens et al.
2012). The co-evolution of dispersal and, for instance,
those traits that promote a fast turnover of individuals
within populations, which results in a so-called dispersal
syndrome, offers the opportunity to predict dispersal from
the value taken by other, better informed traits. Here, we
will examine if life-histories could be suitable proxies to
predict the dispersal ability of butterflies, either alone or in
combination with body size.
To uncover the syndrome of life history associated with
dispersal ability and then to measure the quality of the dis-
persal prediction based on these syndromes, we used dis-
persal and life-history data previously published for
European butterflies. There are several ways of measuring
butterfly dispersal, all revealing different elements of the
process (Stevens et al. 2010b). Here, we describe dispersal
using four different measurements, pertaining either to the
rate and distance of individual movements (measured in
the field) or to gene flow among local populations (assessed
by population genetics). We considered these four different
dispersal measurements sequentially, and modeled their
relationships with 18 candidate traits (17 life-history traits
and wing size) to highlight the syndromes of traits associ-
ated with the corresponding elements of dispersal. Then,
we retained the combination of traits that gave the best
predictive value, and we quantified (by cross-validation) its
ability to predict dispersal. In this quantification, we took
the inferences obtained from wing size alone as the refer-
ence, since wing size was regularly used as a dispersal proxy
for butterflies, and we know that its predictive power is
low. Finally, we applied the selected predictive model to
more than 100 butterfly species for which dispersal was not
measured to date, and we explored the general characteris-
tics of dispersal within this group.
Materials and methods
Dispersal data
Butterfly dispersal has been assessed by a variety of meth-
ods reviewed in Stevens et al. (2010b), and reliable data
were available for 50 NW-European species (of 142). The
most popular methods include mark-release-recapture
(MRR) and inferences from population genetic structure
using allozymes. We used the same dispersal data as in Ste-
vens et al. (2010b), here restricted for the sake of statistical
power to those measurements available for > 15 species.
This filtering retained four measurements of dispersal,
detailed in Table 1: three were directly related to
Table 1. The four dispersal measurements available in European butterflies used in this study.
Dispersal element Description of the measurement Transfo. N
Mean dispersal distance Mean dispersal distance (km) from a of a negative exponential function
of the form P(D) = ea 9 D with D = distance (km), fitted to dispersal kernel
(density probability of dispersal distances) obtained from mark-release-recapture
(MRR) surveys. Mean dispersal distance (x) = 1/a.
x′ = ln(x) 29
Frequency of long-distance dispersal Probability of >5 km dispersal movements, estimated from a inverse power function
of the form P(D) = a 9 Db with D=distance (km), fitted to dispersal kernel (density
probability of dispersal distances) obtained from mark-release-recapture (MRR) .
x′ = log(x) 28
Dispersal propensity Propensity to leave a patch, estimated from the proportion of recaptures of marked
individuals that occurred in patch of initial capture (residents) in MRR surveys. Dispersal
propensity is [1proportion of residents], and is averaged over patches of different size.
x′ = √x 25
Gene flow Dispersal ability estimated from gene flow across landscapes, as given by the analysis
of allozymes spatial redistribution. Corresponds to [1FST]. FST quantifies
the genetic structuring of populations, and hence is inversely related to gene flow. Loci
under selection were removed from the calculation.
x′ = 1√x 26
Transfo. is the function ensuring data normality, and N is the number of European butterfly species for which the measure is given in Stevens et al.
(2010b).
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inter-patch movements assessed in MRR surveys and the
fourth was the gene flow over space inferred by genetic
methods using allozymes. Although some allozymes might
be under selection in some populations, these loci were dis-
carded before the calculation of FST, as explained in Stevens
et al. (2010b).
Each dispersal measurement was available for 25 to 29
species, for a total of 47 species (11 species have all four
measurements, and 15 have only one).
Life history and morphology
Butterfly life-histories were described by 17 traits per-
taining to demography, specialization, and behavior
(detailed in Table 2), with species values reported by
Bink (1992) and Lafranchis (2000). Ten traits described
species demography: the fecundity, the adult lifetime
(set to 60 days for species with adult overwintering),
the voltinism (the number of generations per year), the
larval growth rate (averaged over successive genera-
tions), the ripe egg load at emergence, the ovigeny
index (proportion of eggs already matured at female
emergence), the duration of female maturation, the
overwintering stage, the flexibility of the life cycle, and
the length of the flight period. Four traits described
ecological specialization of a species: the thermal toler-
ance of adults, their habitat range, the dietary niche
breadth of larvae, and the strength of a mutual associa-
tion with ants (myrmecophily). Three behavioral traits
were analyzed. For females, we considered the precision
in the choice of the laying site (female precision), and
the laying strategy that separates single-egg layers from
those species that lay batches of  2 eggs. For males,
we retained the strategy of mate location.
Wing size, here summarized by wing length, was used as
the 18th species trait. We used the values reported by Bink
(1992), who provided average wing size over sexes and gen-
erations in cases where these were polymorphic. Wing size
was on average 11–37.5 mm for NW-European butterfly
species. Wing size was log-transformed before analyses,
given that allometric relationships are usually power
shaped (Peters 1983).
Detection of dispersal syndromes
Our aim was to model the various elements of dispersal in
butterflies from their life-history traits, while controlling (if
necessary) for their wing size. To that purpose, we built
Table 2. Life-history traits used to predict butterfly’s dispersal with generalized linear models. All traits are available for 142 butterfly species, except
the laying strategy that is available for 137.
Trait Trait description
Fecundity Mean number of eggs laid by females of the species (9 categories).
Adult lifetime Mean duration (days) of the adult stage. Upper limit set at 60 days for species that overwinter as adults: ranges 5–60 days.
Voltinism Annual number of generations, from 0.5 (biannual species) to 3 generation/year.
Larval growth rate Duration (days) of the feeding period for larvae (i.e., without diapause), averaged over successive generations of a year;
ranges 16–186 days.
Ripe egg load Number of mature eggs in female’s abdomen at emergence (9 levels).
Ovigeny index Proportion of full-grown eggs at emergence (ranges 0–1).
Female maturation Time (days) between female emergence and its first laying: 8 levels, from 1 (1–2 days) to 8 (laying starts after several
weeks of diapause).
Overwintering stage Stage at which the species usually overwinters. 8 categories: from 0 (egg) to 6 (adult), and an additional category for
species without overwintering (warm regions).
Flexibility of life cycle Separates on the one hand species with inflexible life cycle and on the other hand species with prolonged, shortened,
or repeated diapause, with facultative estivation, or with staggering of emergences, all considered ‘flexible species’.
Flight period Length (in weeks) of flight period (averaged over successive generations where relevant); ranges 3–32 weeks. Results
from the interplay between adult lifetime and the synchronization of adult emergences, as shown by a low but significant
correlation with lifetime (correlation = 0.34, P < 0.001: Stevens et al. 2012).
Thermal tolerance Degree of adult tolerance to temperature extremes and temperature variation (9 levels).
Adult habitat range Number of different ecosystems in which adults of the species are usually found (ranges 1–7).
Larval dietary breadth Number of different host plants caterpillars of the species accept: 4 levels: 1 = plants of one species, 2 = plants of one
genus, 3 = plants of several genus of the same family, 4 = plants or several families.
Myrmecophily Degree of association with ants, from 0 (no association at all) to 9 (obligate, long association).
Female precision Female precision in egg-laying, 9 levels: from 1 (the female lay where it lands, or even flying) to 9: the female choose the
exact position (plant species, plant tissue, height, and orientation) before laying each egg or batch of eggs.
Laying strategy Female egg-laying strategy: segregates single-egg layers from those species that lay batches of  2 eggs.
Mate location Seven levels in the strategy of males mate location, from 1 = sit-and-wait strategy to 7 = strong lek forming, through 3 =
patrolling and 5 = territoriality, and intermediates.
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models based on the relationships between dispersal mea-
surements and a selection made among the traits presented
in Table 2: 10 demographic traits, 4 ecological traits, 3
behavioral traits, and wing size. Wing size was kept in these
models as previous studies showed that dispersal is partly
dependent on wing size in butterflies (Sekar 2012; Stevens
et al. 2012).
In the preliminary step, we analyzed the shape of the
relationships between each of the four dispersal measure-
ments and each of 16 species traits (all but binomial traits).
In particular, we inspected if there was some evidence for
non-linear relationships (i.e., U-shape or inverted U-shape
relationships) that should be modeled using polynomial
terms. We found evidence of significant quadratic relation-
ships in 7 cases (of 64), and the quadratic term was margin-
ally significant (P < 0.1) in 6 other cases (see Table A1): in
all these cases, we modeled the effect of the corresponding
trait with a second degree polynomial; otherwise, only sim-
ple-term (i.e., linear) effects were modeled.
We modeled the relationship between dispersal and
life-history traits by generalized linear models (GLM). For
each dispersal measurement, the model selection started
with a full model with the effect of all 18 traits; in all
cases however this model would be saturated. To select a
single simpler model, we ran all simpler GLM derived
from this full model, with a maximum number of param-
eters set at 8, to avoid saturation. We compared these
simpler models via their Akaike Information Criterion
corrected for small sample size (AICc: Anderson et al.
1994) using the dredge R-function (Barton 2011). Second,
to identify possible interactions between traits, we built
models in which we incorporated the variables retained in
the top-ranked models of the first step of selection
(within 2 points of AIC), this time incorporating all first-
order interactions. Again, we ran and compared, via their
AIC, all simpler models derived from this model, again
with the maximum number of parameters set at 8. The
model finally retained was chosen from the models with
the lowest AIC obtained in this second step of selection
(i.e., within 2 points of AIC): we retained only the model
with the highest R² as it captured most of the deviance
and hence would be better at predicting the dispersal
measurement, which was our goal.
In multi-species comparative studies, it may be impor-
tant to account for the interdependency of species that
arose through common-ancestry. However, some traits (or
associations among traits) may be not related to their phy-
logenetic history (e.g., Gittleman et al. 1996), in which case
the application of phylogenetic comparative methods may
be unnecessary, and even may incur errors (Martins 2000).
To verify that this was the case here, we performed a preli-
minary analysis, exactly as described for GLM, but in which
dispersal was modeled by phylogenetic generalized least
squares method (PGLS, instead of GLM), where the phylo-
genetic relationships (taken from Cizek et al. 2006) among
species was taken into account. In these PGLS, we fitted
lambda (the parameter that scales the phylogenetic con-
straint) by maximum likelihood and verified that its value
was negligible (not different from zero). This was the case
for all models, as such we do not show these PGLS here,
but instead show only GLM, where species are considered
independent data points.
Quality assessment of the predictions
After selecting a model for each of the four dispersal mea-
surements, which evidenced the syndrome(s) of life-history
traits associated with the corresponding dispersal elements,
we assessed their ability to adequately predict the dispersal
ability of species. As quality is a matter of comparison, we
took the inferences made from wing size only (i.e., a GLM
where the only explanatory variable was wing size) as the
reference for this comparison.
The quality of the inferences was measured by cross-vali-
dation. We used a 75–25% random partitioning of the data
set: 75% of species (i.e., 19–22 species) were the training
partition used to parameterize the model (either with the
model based on dispersal syndromes, or with the model
with wing size only), which was applied to predict dispersal
of the remaining species (i.e., 6–7 species in the test
partition). One hundred independent random partitions
allowed the estimation of standard errors in the predic-
tions.
The performance of each model in predicting dispersal
was assessed by comparing observations of dispersal and
model predictions. The first measure was the slope of the
regression of observations on (mean) predictions, which
ideally should tend to +1, and the second measure of per-
formance was the mean absolute difference between
observed and predicted values of dispersal. For the mean
dispersal distance and the probability of long-distance dis-
persal, this difference was divided by the corresponding
observed value, to account for probable scale dependency
in imprecision. We ran 20 independent cross-validations to
obtain standard errors of these measures of performance
for each model.
The relative performance of the inferences obtained from
syndromes of life history rather than from wing size only
information was given by the ratio of the mean absolute
difference between prediction and observation obtained
with both methods, and by the difference between the
slopes of observed versus predicted regressions obtained
with both methods. The statistical significance of these dif-
ferences was determined using GLM, with the performance
as the response, and the model type as the independent
variable.
© 2013 The Authors. Published by Blackwell Publishing Ltd4
Dispersal inferred by a trait-based approach Stevens et al.
141
Finally, to ascertain the relative importance of each vari-
able for the prediction, we partitioned the R² of each model
among the retained dependent variables, by averaging the
increase in R² due to each variable over all possible orders
of the regressors (see Lindeman et al. 1980). For each term
retained for the predictions, we also verified its presence in
other alternative models of similar fit (i.e., within 2 points
of AIC in the model selection), but that were not used for
prediction.
Dispersal ability of butterflies
We used the four models selected (one per dispersal mea-
surement) to predict the corresponding dispersal element
for the 142 butterfly species of N-W Europe. Predictions
might be erroneous in cases where the shape of the dis-
persal/trait relationship remains unknown for a range of
trait values. We checked the range of values used to param-
eterize the model (i.e., in species with measured dispersal)
to see if the effect of a given trait was or was not evidenced
on a truncated range of trait values. If yes, we restricted our
predictions accordingly to the set of species with compara-
ble trait values (see Figs A1, A2 in the online appendix
(Data S2)).
Results
Dispersal syndromes
The dispersal ability of butterflies tightly correlated with
their life-history traits, a pattern that was independent of
wing size for three dispersal elements: the mean dispersal
distance, the dispersal propensity and the gene flow
(Table 3). Wing size was only retained to predict the fre-
quency of long-distance dispersal (Table 3). However,
even in this case, the model where life history was incor-
porated explained the variation in dispersal ability better
than did using wing size only. Wing size was thus at best
of medium importance in the models with life-history
traits (Table 3).
A distinct syndrome of life-history traits was associated
with each of the four dispersal elements. Each model built
here used up to seven different traits pertaining to demog-
raphy, behavior, and ecological specialization: models are
detailed in Table 3 and the trait effects are illustrated in
Figs A3–A6 of the online appendix (Data S2). Although we
retained a single model for each element, the terms of the
model selected were generally also found in most of the
other top-ranked concurrent models (see Table A2 of the
appendix (Data S2)). Wing size intervened only to predict
the frequency of long-distance dispersal, together with
adult habitat range and ovigeny voltinism, length of flight
period and larval dietary breadth. The mean dispersal dis-
tance was best predicted from a combination of seven traits
pertaining to demography, specialization, and behavior.
Almost completely different suites of traits were retained to
explain the variation in the two other dispersal elements.
Dispersal propensity was related to thermal tolerance, over-
wintering stage, myrmecophily, ripe egg load, female preci-
sion, and ovigeny. Four traits were needed to explain the
variation in gene flow among species: the voltinism and
three female traits (the fecundity, the ripe egg load, and the
female maturation).
Quality of predictive models
Dispersal predicted from the four selected models correctly
fitted to the observed measurements (Fig. 1). The predic-
tive ability of these models was much higher than predic-
tions made with wing size only (Table 4). Dispersal in
ecological time and gene flow were both well predicted
from life-history traits (Table 4, Fig. 1): the slopes of
observed versus predicted dispersal ranged between 0.81
and 0.95, to be compared with the generally lower slopes
obtained with wing size only (range 5.01 to 0.84), and the
predictions obtained were up to five times more precise
than those obtained with wing size only, as shown by the
inspection of the difference between observations and pre-
dictions (Table 4).
Butterfly dispersal
We used the four retained models to infer dispersal ability
for all NW-European butterflies. The comparison of the
observed dispersal measurements to those values inferred
from these models showed that the distribution of dispersal
ability in predictions and in observations generally con-
verged (Fig. 2; Figs A7–A10 in the online appendix
(Data S2)).
Our inferences highlight high dispersal propensity in
butterflies: on average about one-third (34%) of the indi-
viduals usually leave their natal patch, or the patch of
their first capture, and this (observed) proportion reaches
73% in some species (predicted: 78%). A few species
however appear much more philopatric: dispersal propen-
sity is less than 5% for the 10% of less dispersive species.
Even if they engage often in dispersal, butterflies usually
disperse over short distances of only a few hundred
meters. The mean dispersal distance is 204 m in predic-
tions (observed = 205 m), and 90% of the species are
predicted to have mean dispersal distance  352 m
(observed: < 354 m). A few species are nevertheless
observed (and predicted) to move more than an average
of 1 km. Very long-distance dispersal however was gener-
ally infrequent, and most species are observed (and pre-
dicted) to disperse farther than 5 km only rarely: this
probability is on average less than 0.01. Here again, a few
© 2013 The Authors. Published by Blackwell Publishing Ltd 5
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species appear to have very high dispersal power, with the
probability of such long movements reaching 0.25 in
some species (observed; higher predictions reached a
probability of 0.37 for long-distance dispersal). This high
frequency of usually short movements results in quite
high levels of gene flow among populations, and the
Table 3. Linear models used to predict the dispersal of butterflies. Four dispersal measurements were modeled from their relationships with a variety
of traits (body size, demography, behaviors and ecological specialization were proposed as independent variables). See text for the procedure of
model selection. The lower part of the table shows models with wing size as the only regressor, taken for comparison in this study.
Response
GLM selected when 17 life-history
traits and wing size were proposed
Contribution
to R2 Estimate F df P Adj.R2
Mean dispersal distance Intercept 3.805 3.805 17.03 11–17 <0.0001 0.863
Larval growth rate 0.276 0.032***
Adult habitat range 1 0.068 0.372*
Adult habitat range 2 0.092 0.125 (ns)
Ovigeny index 1 0.085 3.187***
Ovigeny index 2 0.071 3.249***
Mate location 0.104 0.444*
Ripe egg load 0.062 0.190***
Adult lifetime 0.056 0.053**
Mate location 9 larval dietary breadth 0.043 0.380***
Larval growth rate 9 mate location 0.032 0.006*
Larval dietary breadth 0.028 1.466***
Frequency of long-distance dispersal intercept 3.214 21.45 8–19 <0.0001 0.858
Length of flight period 1 0.058 1.273**
Length of flight period 2 0.335 1.906***
Log (wing size) 0.148 0.846**
Voltinism 9 adult habitat range 0.142 0.291*
Voltinism 0.126 0.779 (ns)
Adult habitat range 0.046 0.465 (ns)
Ovigeny index 0.024 0.328*
Larval dietary breadth 0.021 0.151 (ns)
Dispersal propensity Intercept 0.586 16.79 9–15 <0.001 0.856
Thermal tolerance, 1 0.037 0.029
Thermal tolerance, 2 0.290 0.446***
Overwintering stage 0.201 0.122***
Myrmecophily 0.164 0.031***
Ripe egg load 0.096 0.036***
Female precision 0.039 0.006***
Ovigeny 0.029 0.286*
Ovigeny 9 ripe egg load 0.035 0.047**
Ovigeny 9 female precision 0.018 0.040*
Gene flow Intercept 0.515 10.09 6–19 <0.0001 0.775
Fecundity 0.245 0.004**
Female maturation 0.173 0.037***
Voltinism 0.122 0.120 (ns)
Ripe egg load 0.080 0.022 (ns)
Fecundity 9 ripe egg load 0.079 0.014***
Voltinism 9 ripe egg load 0.076 0.023**
GLM with wing size only
Mean dispersal distance Intercept – 6.501 11.4 1–27 0.002 0.270
Log (wing size) 1.529**
Frequency of long-distance dispersal Intercept – 6.805 9.86 1–26 0.005 0.247
Log (wing size) 1.571**
Dispersal propensity Intercept – 1.708 9.87 1–23 0.005 0.270
Log (wing size) 0.305 **
Gene flow Intercept – 0.753 0.14 1–24 0.720 0.036
Log (wing size) 0.001 (ns)
***P < 0.001; **0.001 > P> 0.01; *0.01 > P > 0.05; ns: P > 0.1.
Contribution to R2 after the method of Lindeman et al. (1980)
© 2013 The Authors. Published by Blackwell Publishing Ltd6
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Figure 1 Cross-validations of predictive models for butterfly dispersal: predictions obtained from information on multiple life-history traits, together
with wing size (B) or not (panels A, C, D) (see Table 3). A: mean dispersal distance; B: frequency of long-distance dispersal; C: dispersal propensity; D:
intensity of gene flow, observed for 25–30 butterfly species, all plotted against the man predicted values and their respective 95% CI (obtained with
100 random partitions). Black lines show the linear regressions; for comparison dotted lines show the slope 1:1, and gray line show the regression
forced into 0:0. Stevens et al.
Table 4. Quality assessment of generalized linear models used to predict dispersal in butterflies. Model description is given in Table 3. Reference
level: rightness and precision obtained with a GLM using only wing size.
Dispersal measurement
Rightness Imprecision
GLM with life-
history traits Reference level Gain in rightness
GLM with life-
history traits Reference level
Gain in
precision
Mean dispersal distance 0.883  0.005 0.819  0.005 + 0.064*** 0.313  0.003 0.636  0.002 9 2.03***
Frequency long-distance dispersal 0.950  0.002 0.788  0.003 + 0.162*** 1.009  0.008 5.265  0.013 9 5.21***
Dispersal propensity 0.809  0.003 0.837  0.003  0.027*** 0.149  0.0005 0.170  0.0001 9 1.14***
Gene flow 0.889  0.005 5.015  0.231 + 5.904*** 0.0198  0.0001 0.0311  0.00 003 9 1.57***
Rightness: slope of a regression of observed versus predicte dispersal. Imprecision: average absolute difference between observed and predicted val-
ues (for mean dispersal distance and the frequency of long-distance dispersal, given relatively to observed value to account for scale dependency).
Mean  SE over 20 independent bootstraps. Gain in rightness = rightness trait modelreference. Gain in precision = imprecision reference/impreci-
sion trait model. ***P < 0.001 that rightness or imprecision is similar to the reference level; ns: P > 0.05.
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genetic structuring is generally weak: the higher FST
observed is 0.177, but 90% of the species have observed
FST  0.078 (in predictions 90% of species have
FST  0.082 and the maximum predicted is 0.117).
Discussion
The constituent elements of dispersal are embedded in
distinct syndromes
Clearly, as it was predicted from theoretical models (see a
review in Ronce and Clobert 2012), dispersal is not evolv-
ing independently of other traits, which give rise to predict-
able syndromes, and consequently a large part of the
dispersal variability can be explained by the variation in
other phenotypic traits. An interesting result of our study
was that different elements of the dispersal process corre-
lated with completely different suites of traits. Although
theory remains unclear on this point (Kisdi et al. 2012;
Starrfelt and Kokko 2012), some empirical results already
suggest that different combinations of life-history traits can
be implied at the different steps of the dispersal process
(Massot et al. 2002; see also examples in Bonte et al. 2012).
The relative roles of phylogenetic inertia, natural selection,
sexual selection, or phenotypic plasticity in explaining these
relationships among traits certainly deserve further investi-
gation.
The way dispersal is measured in fact reflects different
elements of the dispersal process, such as individual move-
ment rates versus gene flow, possibly corresponding to the
different definitions of dispersal existing in the literature
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Figure 2 Predicted (dark gray, solid curve) and observed (transparent light gray, dotted curve) density probability and corresponding fitted normal
distributions of dispersal ability in butterflies. A: mean dispersal distance; B: probability of long-distance dispersal; C: dispersal propensity; D: gene
flow. Observations were direct measurement obtained from mark-recapture surveys (A–C) or indirect estimates obtained via population genetics (D).
Predictions were obtained from linear models using wing size and three life-history traits (B) or only information on four life-history traits (A, C, D).
Predictions were truncated > 0 for B, and 0–1 for C and D. Predictions are available for N = 124–137 species. Stevens et al.
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(Stevens et al. 2010b). The fact that very different suites of
traits were retained to predict these various elements of dis-
persal can be an indication that they are under partially
uncoupled selective pressures, which we already suspected
from our previous studies (Stevens et al. 2010a,b). Such
differences possibly will result in some contrast between
the short-term demographic consequences of dispersal and
its long-term genetic effects. Alternatively, the fact that dis-
persal measurements were taken from different samples of
species might explain why different syndromes were
observed. However, the mean dispersal distance and the
frequency of long-distance dispersal were taken on the
same species (with the exception of 2 species), and these
measurements are associated with different syndromes of
life-history traits. Accordingly, the possible artifact due to
the use of different species samples does not explain all the
differences in the syndromes observed.
This segregation of the dispersal elements in different
syndromes of life-history traits might also have deep conse-
quences for the functional diversity of communities facing
environmental changes. Indeed, if these correlations have a
genetic basis, any selection on a given element of dispersal
would have distinct indirect consequences on life-histories,
and the dispersal costs at each of the dispersal steps would
be paid independently from the costs incurred at other
steps (Bonte et al. 2012). Habitat fragmentation for
instance was shown to filter species according to their dis-
persal ability (e.g., Driscoll and Weir 2005; Van Houtan
et al. 2007) and to affect the distance moved (Bonte et al.
2010) or the dispersal propensity (Schtickzelle et al. 2006).
Our results show that such filtering, or selection, on the
mean dispersal distance could entail the functional diver-
sity within butterfly communities, for instance by having
indirect effects on the diversity of specialization or of larval
growth rate in these communities. However, the process
responsible for the observed pattern of trait association is
still unknown, and it should be investigated before any
proper prediction on the side-effects of the selection acting
on dispersal can be made.
In light of our results, dispersal should now be seen as an
additional vector in life history, consisting of several
uncoupled (or loosely coupled) dispersal elements (dis-
persal distance, dispersal frequency, gene flow), which
increases the array of potential life-history tactics within
communities. Accordingly, we must consider each of these
dispersal elements as one axis of a species’ niche.
Applications in biodiversity conservation
The advantage of considering several phenotypic traits,
and noticeably life-history traits, to infer dispersal ability
is considerable. Life history indeed appears to be a very
convenient proxy to infer unknown dispersal ability at
the species level. For all four dispersal measurements con-
sidered here, the inclusion of life-history traits in linear
models greatly improved the predictions we would have
made from wing size only (Table 4). For three measure-
ments, wing size was not even retained by model selec-
tion, and the relative importance of wing size in
structuring the variation in the frequency of long-distance
dispersal was low (Table 3). These results highlight the
fact that this allometry is not efficient in predicting but-
terfly dispersal, but the existence of dispersal syndromes
provides a valuable alternative to make this inference,
which in turn is useful for planning actions targeted at
preserving biodiversity. Whitmee and Orme (2013) con-
cluded similarly that life-histories offer a convenient
opportunity to infer dispersal of mammals. In their study,
a wide variety of models that accept very different terms
equally well predicted mammal dispersal. In contrast, we
showed here that in butterflies, only certain traits that
dominated the top-ranked models are really helpful to
predict the value of each dispersal element (Table A2).
Measuring movement rates and distances usually
requires long and extensive mark-recapture studies or
direct tracking, which is always costly and may prove
impossible, particularly for rare or endangered species. The
trait-based approach developed here proved very useful for
inferring mean dispersal distance, dispersal propensity, and
even the frequency of long-distance dispersal. Mean dis-
persal distance is most often needed to feed simulation
models, and to help decision making in conservation
(Moilanen et al. 2005). For instance, it can be used to infer
the spatial grain at which suitable habitats should be dis-
tributed in a given landscape to allow a smooth metapopu-
lation functioning (Hanski 1999b; Baguette and Van Dyck
2007; Baguette et al. in press). Long-distance dispersal can
also be very crucial for metapopulation persistence, by
hampering genetic drift and its negative effects (Lande
1988), or by allowing (re)colonization of distant habitat
patches. These maximal movements however are most
often ignored in conservation decisions, because they are
often not documented. The traits-based model that we
developed here to infer the value of this element of dis-
persal is therefore interesting because it requires measure-
ments of traits that are quite easy to collect from large-scale
monitoring, amateurs’ reports, or lab rearing, and hence
can easily be acquired for many species.
The inference of gene flow by population genetics is also
costly as it requires intensive sampling, coupled with labo-
rious and expensive lab work. Therefore, it can be infeasible
in some case, especially when conducting multi-species
comparisons or if feeding multi-species models is the
research goal. The traits-based method derived here from
the syndromes associating this element of dispersal to other
phenotypic traits offers a reliable alternative to population
© 2013 The Authors. Published by Blackwell Publishing Ltd 9
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genetics. Consequently, the relative ability of species to
maintain gene flow across space could be inferred for a lot
of species, and could be integrated into, for example, con-
servation plans.
It would be interesting to explore to what extent the
trait-based approach allows this inference in taxa other
than butterflies. Whitmee and Orme (2013) showed that
the trait-based approach reliably predicts natal dispersal
distances for mammals: both maximal and median dis-
tances were satisfactorily predicted with a variety of trait
sets. Life-histories of plants predicted reliably the dispersal
mode of seeds (ballistic, wind-assisted, transport by
animals, etc.: Thomson et al. 2010). The extent to which
life-histories allow predicting seed dispersal distances, seed
dispersal frequency, or plant gene flow was however not
assessed, probably because their determinants will mainly
depend on the dispersal mode the seeds use. In amphibians,
we showed that even a poorly informed dataset, with a
large amount of missing values, yields accurate predictions
of dispersal distances (A. Trochet A, Moulherat S, Calvez
O, Schmeller O, Clobert J and Stevens V. M. unpublished).
Trait-based methods thus seem promising to infer
unknown dispersal ability.
How can we improve the inferences on dispersal?
Our trait-based approach does offer quick and cheap access
to the average dispersal ability of species for which no dis-
persal data are currently available. This is particularly perti-
nent in the case of threatened species that may be
geographically restricted and for which conservation
actions are required but cannot be implemented without
considering dispersal. Although even imprecise approxima-
tions may strongly improve the power of modeling tools
used to predict the fate of populations under changing
environmental conditions (Dawson et al. 2011), any solu-
tion to refine those predictions is however welcome. We
propose here below three ways for such improvements: (i)
to go beyond the species level, (ii) to explore other species
traits, and (iii) to make use of population patterns that
result from dispersal.
Virtually no life-history trait is entirely fixed at the species
level, and most are more or less labile, responding quickly
to changed environmental conditions, or according to indi-
vidual conditions (Roff 2002; Clobert et al. 2004). Even dis-
crete traits like voltinism show some plasticity: observations
of additional generations in exceptionally hot years are
common in butterflies (Bink 1992; Fischer and Fiedler
2002). Dispersal also has substantial variation within species
(Schtickzelle et al. 2006; Stevens et al. 2010a). A means of
taking this variation into account and making inferences at
the infra-species level could be to identify how dispersal var-
ies according to environmental conditions (e.g., climate,
habitat quality, fragmentation) and to population charac-
teristics (like density, inbreeding, or kin density) to refine
the predictions made at the species level. However, there is
currently too little information available to make such
generalizations. For those cases that require very precise
estimates of dispersal, for instance where dispersal is sus-
pected to evolve locally, like at expanding fronts (Burton
et al. 2010), we thus recommend that dispersal should be
directly measured or inferred from genetic data collected in
situ (as suggested by Baguette et al. in press).
Some traits not considered in this study could be used to
refine the inferences of dispersal. Palatability of adults for
instance is certainly such a trait. Previous studies show that
unpalatable species and their mimics have different flight
patterns than palatable species (Chai and Srygley 1990),
probably because both groups are under contrasting pres-
sures from flying predators. Unfortunately, palatability was
not measured for European butterflies, which prevented its
integration here.
Finally, factors that are affected by dispersal might also
be used to refine the inferences of dispersal, like the geo-
graphic range size, or the speed of range expansion. Both
relationships are however probably obscured by other pro-
cesses like vicariance and speciation, habitat suitability,
host plant distributions, niche breadth of species along abi-
otic clines, or evolutionary processes at range margins. For
this reason why we did not consider these factors, although
their relationships with dispersal distances were shown in
birds and in mammals (Sutherland et al. 2000; Bowman
et al. 2002; Dawideit et al. 2009).
Conclusion
The importance of dispersal for the functioning and the
evolution of populations cannot be ignored, especially now
in times of deep environmental changes. Indeed, this key
process determines the response of populations and species
to many environmental changes, for instance by limiting
local adaptation, or by allowing species to change their dis-
tribution (Parmesan 2006; Chen et al. 2011).
We showed here that the constituent elements of dis-
persal (movement rate, movement distances, and gene
flow) form different syndromes of life history, as each is
related to a completely different suite of traits. This implies
that each of these elements of dispersal should be consid-
ered a species life-history trait, and an axis of the species’
niche. However, this also means that the changed selective
pressures on one or more elements of dispersal might have
distinct side-consequences for functional diversity within
communities. However, this would be the case only if the
observed co-variations among traits are at least partially
attributable to genetic co-variation, which is yet to be
explored.
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An interesting application of these syndromes is the
inference of dispersal: the trait-based approach that relies
on these syndromes is convenient to infer dispersal ability
when data on dispersal are missing. Generally, the lack of
reliable dispersal data is considered the most important
shortcoming in the use of those simulation models that
aim at investigating the extinction risks for populations, at
predicting the impact of environmental changes or at
assessing the relative effects of alternative mitigation sce-
narios (e.g., Heikkinen et al. 2006). The trait-based
approach we introduce here fills this gap by providing
sound inferences of the dispersal abilities for species for
which it remains unknown: life-history information indeed
is available for nearly three times more butterfly species
than is dispersal information. More importantly, this
approach allows the explicit consideration of each element
of the dispersal process, as well as its association with other
phenotypic traits within syndromes of life history. Taking
these into account is particularly important if we wish to
design efficient conservation plans for preserving the whole
array of biodiversity (including for instance genetic diver-
sity or functional diversity) in the face of the combined
actions of landscape fragmentation and climate change.
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Supporting Information
Additional Supporting Information may be found in the online version
of this article:
Data S1: List of data source for dispersal measurements.
Data S2: Supplementary material and supplementary results.
Table A1. Summary of 64 generalized linear models (GLM) with each
of four dispersal measurements as the response and each of 16 species
traits and their quadratic effect proposed as explanatory variables.
Table A2. Comparison of the predictive models to others top-ranked
models in the selection on GLM. In each case, model 1 is the model used
for predictions. R2 is unadjusted.
Figure A1. Range of trait values in subset of data comprising butterfly
species with measured dispersal compared to range observed in 142 but-
terfly species of N-W Europe. Black: range with 142 species (scaled for
reference); green: range in species with measured mean dispersal
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distances; dark blue: range in species with estimated probability of long-
distance dispersal; light blue: range in species with measured dispersal
propensity; orange: range in species with estimated gene flow.
Figure A2. Illustration of a polynomial effect (dashed black
curves = 95% CI) of the flight period in a predictive model for the prob-
ability of long distance dispersal in butterflies. Butterflies with known
probability of long-distance dispersal have short to medium flight
periods (4–15 weeks) while this dispersal measurement should be pre-
dicted for species with short to very long flight periods (3–32 weeks).
Green lines indicate how we enlarged the range of values used for the
predictions to 3–17 weeks, based on the standard deviation of the effect.
Figure A3. Illustration of the significant effects of traits and interac-
tions between traits retained to predict the mean dispersal distance in
butterflies. Mean dispersal distance is shown on a log km scale. The
model is detailed in Table 3 of main text. Effects are shown with 95% CI
(dashed curves), except for interaction.
Figure A4. Illustration of the significant effects of traits and interac-
tions between traits retained to predict the frequency of long-distance
dispersal in butterflies. Frequency of long-distance dispersal is shown on
a log scale. The model is detailed in Table 3 of main text. Effects are
shown with 95% CI (dashed curves), except for interaction.
Figure A5. Illustration of the significant effects of traits and interac-
tions between traits retained to predict the dispersal propensity in but-
terflies. Dispersal propensity is 1√proportion of residents. The model
is detailed in Table 3 of main text. Effects are shown with 95% CI
(dashed curves), except for interactions where CI is not shown.
Figure A6. Illustration of the significant effects of traits and interac-
tions between traits retained to predict the intensity of gene flow in but-
terflies. Gene flow is √FST. The model is detailed in Table 3 of main
text. Effects are shown with 95% CI (dashed curves), except for interac-
tions.
Figure A7. Mean dispersal distance predicted from life-history traits
and wing size for 138 of the 142 butterfly species of N-W Europe, and
95% CI of the predictions. Details of the model are shown in Table 3 of
main text. Red symbols show the observed value for 30 of those species.
Figure A8. Mean dispersal distance predicted from life-history traits
and wing size for 124 of the 142 butterfly species of N-W Europe, and
95% CI of the predictions. Details of the model are shown in Table 3 of
main text. Red symbols show the observed value for 29 of those species.
Figure A9. Dispersal propensity predicted from life-history traits for
113 of the 142 butterfly species of N-W Europe, and 95% CI of the pre-
dictions. Details of the model are shown in Table 3 of main text. Red
symbols show the observed value for 25 of those species.
Figure A10. Gene flow predicted from life-history traits for 137 of the
142 butterfly species of N-W Europe, and 95% CI of the predictions.
Details of the model are shown in Table 3 of main text. Red symbols
show the observed value for 26 of those species.
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Chapitre 3 : Traits d'histoire de vie et dispersion 
Conclusion 
Le Chapitre 3 nous a permis de mettre en évidence de fortes corrélations entre les capacités de 
dispersion et certains traits d'histoire de vie, notamment avec la taille du corps ou des 
appendices locomoteurs (permettant d'investir plus d'énergie dans le déplacement) et la 
fécondité. Ces relations suggèrent que la dispersion ait co-évolué avec d'autres traits d'histoire 
de vie, ce qui permet dans un certain contexte de pouvoir prédire les capacités de dispersion 
des espèces pour lesquelles cette donnée est indisponible, en utilisant leurs traits d’histoire de 
vie spécifiques. Ces prédictions pourront être incluses dans les modèles de dynamique de 
populations et aider les gestionnaires dans les plans d'action en biologie de la conservation en 
particulier pour les espèces menacées. 
 
 En parallèle des traits d'histoire de vie d'une espèce, d'autres facteurs internes sont 
intimement liés à la dispersion. Chez de nombreuses espèces, la dispersion se fait à l'état 
juvénile (dispersion natale). L'âge d'un individu sera donc une condition jouant sur ces 
capacités de dispersion. Un autre facteur non négligeable est le sexe. En effet, des capacités de 
dispersion différentes d'un sexe à l'autre (dispersion biaisée par le sexe) ont largement été 
documentées à travers de nombreux taxons. La Chapitre 4 regroupe plusieurs études centrées 
sur la dispersion biaisée par le sexe, dans le but de mieux comprendre les mécanismes qui 
agissent sur la dispersion des mâles et des femelles. 
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Chapitre 4 
 
Facteurs internes :  
Comment le sexe influence-t-il la dispersion ?  
 Introduction 
 
La dispersion biaisée par le sexe, où un des deux sexes sera philopatrique alors que l'autre sera 
plus apte à disperser, est particulièrement bien documentée (Table 4.1 et Table 4.2; Clarke et 
al. 1997; Smale et al. 1997) - notamment chez les oiseaux et les mammifères - du fait de son 
influence non négligeable dans la structure génétique des populations ainsi que dans le 
fonctionnement des métapopulations (Goudet et al. 2002; Greenwood 1980). Les mammifères 
montrent le plus souvent un biais de dispersion en faveur des mâles tandis que chez les oiseaux 
ce sont les femelles qui généralement dispersent plus (Caizergues & Lambrechts 1999; Table 
4.1 et Table 4.2). La probabilité qu’un individu disperse résulte de l’équilibre entre les forces 
évolutives qui influencent ce comportement (voir Introduction générale: Coûts et bénéfices 
de la dispersion). Mais les forces évolutives agissant sur les individus peuvent ne pas être les 
mêmes selon le sexe, et donc influencer différemment leur comportement de dispersion. Parmi 
les forces évolutives affectant les sexes, l'organisation sociale ainsi que le système 
d'appariement (monogamie, polygynie, polyandrie ou promiscuité) semblent être les facteurs 
majeurs influençant la direction du biais de dispersion (Greenwood 1980; Perrin & Goudet 
2001). En d'autres termes, les interactions que chacun des sexes va avoir avec son habitat en 
terme de disponibilité des ressources (engendrant des coûts et des bénéfices à la dispersion 
différents en fonction des sexes), dépendantes des intérêts évolutifs de chaque sexe, seront les 
moteurs dans la décision de dispersion chez les deux sexes. 
 
Table 4.1. (A) Nombre d'espèces et de familles d'oiseaux et de mammifères montrant une 
dispersion biaisée en faveur des mâles (M), en faveur des femelles (F) et sans biais de 
dispersion (d'après Greenwood 1980); (B) Nombre d'espèces de mammifères montrant une 
dispersion biaisée en faveur des mâles (M), en faveur des femelles (F) et sans biais de 
dispersion en fonction de leur système d'appariement (d'après Dobson 1982). 
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 A 
Mammifères  Oiseaux 
M F Pas de biais  M F Pas de biais 
Espèces 45 5 15  3 21 6 
Familles 23 4 7  1 11 5 
B 
Mammifères   
M F Pas de biais     
Monogamie 0 1 11     
Polygynie ou 
promiscuité 46 2 9     
 
 Chez la majorité des espèces, les mâles et les femelles vont avoir des stratégies 
démographiques différentes. Greenwood (1980) fait l'hypothèse que le sexe adoptant une 
stratégie de défense des ressources sera philopatrique. C'est le cas chez de nombreuses espèces 
d'oiseaux (majoritairement monogames sociaux), où les mâles souvent territoriaux défendent 
leurs ressources, incluant la plupart du temps les femelles. Ces dernières dispersent donc 
généralement plus que les mâles (Moore & Ali 1984 ; Table 4.2). Dans ce système, la 
philopatrie est adoptée par les mâles car les avantages y sont plus importants que dans la 
dispersion. Parmi les avantages que procure la philopatrie, on peut identifier la bonne 
connaissance du patch d’habitat (familiarité du territoire) qui a pour but d’utiliser les 
ressources disponibles de façon optimale et également d’économiser l’énergie (Freer 1979; 
Gavin & Bollinger 1988 ; Greenwood & Harvey 1982; Harvey et al. 1979). De plus, chez les 
espèces grégaires effectuant de la coopération, la philopatrie est avantageuse car elle permet de 
défendre et d’acquérir les ressources environnementales et les partenaires sexuels plus 
facilement (Lawson Handley & Perrin 2007). Ainsi, la philopatrie peut procurer un avantage 
compétitif aux individus résidents, notamment chez les espèces grégaires.  
 
 Chez les mammifères, le système d'appariement est généralement polygyne. Comme chez 
toutes les espèces, l'intérêt évolutif des mâles est de s'accoupler avec plusieurs femelles. En 
contrepartie, les mâles investissent peu dans les soins parentaux et la reproduction, alors que 
les femelles investissent beaucoup plus dans la production des jeunes et les soins parentaux. 
Chez les mammifères, les mâles d’espèces polygynes sont donc généralement en compétition 
pour l'accès aux femelles alors que les femelles peuvent rentrer en compétition également pur 
l’accès à la reproduction mais également pour l'accès aux ressources (Andersson 1994; 
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Greenwood 1980). Les mâles vont donc avoir tendance à disperser plus que les femelles 
(Table 4.2) afin d'éviter la compétition entre mâles et également pour augmenter leur 
probabilité de s'accoupler. De ce fait, les mâles sont plus sensibles que les femelles à des 
paramètres de population reflétant la compétition locale pour le partenaire sexuel, alors que les 
femelles sont plus sensibles que les mâles à des paramètres de population reflétant la 
compétition locale pour les ressources (Post et al. 1999). Ainsi, les mâles ne défendent pas les 
femelles et c'est la distribution de celles-ci qui va être le moteur de la dispersion des mâles. On 
observe donc chez les mammifères une dispersion biaisée en faveur des mâles. En accord avec 
les hypothèses de Greenwood (1980), plusieurs modèles théoriques prédisent une dispersion 
biaisée vers les mâles chez les espèces caractérisées par un système d'appariement polygyne ou 
de promiscuité (Lawson Handley & Perrin 2007), ce qui est régulièrement vérifié dans les 
études empiriques (Table 4.1 et Table 4.2). En dehors des oiseaux et des mammifères, peu de 
règles générales sont établies. Dans la plupart des cas, il semblerait que ce soit le sexe qui 
souffre le plus de la dépression de consanguinité qui disperse. En effet, il a déjà été observé 
que plus le taux de consanguinité au sein d'une population augmente, plus on observe un biais 
de dispersion en faveur d'un des deux sexes (Bull & Cooper 1999; Gros et al. 2008). La 
connaissance approfondie de l’organisation sociale et du système d’appariement d'une espèce 
est donc déterminant pour la compréhension des patrons de dispersion biaisée entre les sexes.  
 
 Même si l'hypothèse de Greenwood (1980) semble être appliquée dans la plupart des cas 
de dispersion biaisée par le sexe, il existe malgré tout des exceptions ne suivant pas cette règle, 
où des espèces d'oiseaux vont montrer une dispersion biaisée en faveur des mâles et où des 
espèces de mammifères vont montrer une dispersion biaisée en faveur des femelles. Par 
exemple, plusieurs espèces d'oiseaux monogames [l'amazone à nuque d'or (Amazona 
auropalliata; Wrigh et al. 2005); l'oie des neiges (Anser caerulescens; Cooke et al. 1975; 
Rockwell & Cooke 1977) ou la gélinotte des bois (Bonasa bonasia; Fang & Sun 1997)] 
montrent une dispersion biaisée en faveur des mâles. Dans certains cas, la philopatrie va être 
plus avantageuse en termes de fitness pour les femelles, limitant leurs déplacements. Ces 
exceptions à l'hypothèse de Greenwood (1980) suggèrent donc qu'il existe d'autres mécanismes 
que le système d'appariement influençant de manière significative la direction du biais de 
dispersion. Chez les mammifères aussi, plusieurs exceptions ont été montrées, où des espèces 
polygynes montrent une dispersion biaisée en faveur des femelles [le hurleur roux (Alouatta 
seniculus; Pope 2000); le cerf élaphe (Cervus elaphus; Pérez-González & Carranza 2009) ou le 
porc-épic d'Amérique (Erethizon dorsatum; Sweitzer & Berger 1998)]. Chez le porc-épic 
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Table 4.2. Espèces pour lesquelles de la dispersion biaisée par le sexe a été identifiée dans la littérature en fonction des groupes taxonomiques. 
Une dispersion biaisée par le sexe "F" signifie une dispersion biaisée en faveur des femelles (mâles philopatriques) et une dispersion biaisée par 
le sexe "M" signifie une dispersion biaisée en faveur des mâles (femelles philopatriques). 
Espèces Groupe taxonomique 
Dispersion 
biaisée 
par le sexe 
Références Espèces Groupe taxonomique 
Dispersion 
biaisée par 
le sexe 
Références 
Lithobates catesbeiana Amphibiens F Austin et al. 2003 Plethodon cinereus Amphibiens M Liebgold et al. 2011 Lithobates sylvatica F Berven & Grudzien 1990 Rana temporaria F Palo et al. 2004 
Accipiter gentilis 
Oiseaux 
M Kenward et al. 1993 Carduelis chloris 
Oiseaux 
M Greenwood & Harvey 1977 
Accipiter nisus F Newton & Marquiss 1983 Catharacta maccormicki F Ainley et al. 1990; Pietz & Parmelee 1994 
Acrocephalus arundinaceus F Bensch & Hasselquist 1991; Hansson et al. 2003 Centrocercus urophasianus F Dunn & Braun 1985 
Acrocephalus sechellensis F Eikenaar et al. 2008 Charadrius alexandrinus F Paton & Edwards 1996 
Actitis macularius M Reed & Oring 1993 Charadrius hiaticula F Jackson 1994 
Aegolius funereus F 
Korpimäki et al. 1987; 
Korpimäki & Lagerström 1988; 
Löfgren et al. 1986 
Charadrius melodus F et M Haig & Oring 1988; Wilcox 1959 
Agelaioides badius F Fraga 1991 Chen caerulescens atlantica M Lecomte et al. 2009 
Alauda arvensis F Delius 1965 Ciconia ciconia F Chernetsov et al. 2006 
Alophoixus pallidus F Sankamethawee et al. 2010 Cinclus cinclus F Tyler et al. 1990 
Amazona auropalliata F Wright et al. 2005 Circus aeruginosus M Sternalski et al. 2008 
Anser caerulescens M Cooke et al. 1975; Rockwell & Cooke 1977 Corcorax melanorhamphos M Beck et al. 2008 
Aphelocoma coerulescens F Woolfenden & Fitzpatrick 1984 Corvus brachyrhynchos hesperis M Caffrey 1992 
Athene cunicularia 
floridana F Millsap & Bear 1993 Crotophaga sulcirostris F Bowen et al. 1989 
Bonasa bonasia M Fang & Sun 1997 Cyanocorax morio M Williams & Rabenold 2005 
Bonasa umbellus F Small & Rusch 1989 Cygnus olor F et M Coleman & Minton 1979; Collins 2002 
Branta canadensis M Lessells 1985  Dendragapus obscurus F Jamieson & Zwickel 1983 
Calidris alpina F Jackson 1994; Thorup 1999 Dendroica caerulescens F Holmes et al. 1996 
Calidris mauri F Holmes 1971 Dendroica kirtlandii F Berger & Radabaugh 1968 
Calonectris d. diomedea F Thibault 1993 Dendroica petechia M Gibbs et al. 2000 
Campylorhynchus 
brunneicapillus F Anderson & Anderson 1973 Dolichonyx oryzivorus F Bollinger & Gavin 1989 
Campylorhynchus nuchalis F Rabenold 1985 Dumetella carolinensis F Darley et al. 1977 
Canachites canadensis F Beaudette & Keppie 1992; Keppie & Towers 1992 Emberiza schoeniclus F Haukioja 1971 
Falco peregrinus F Mearns & Newton 1984 Petrochelidon pyrrhonota F Mayhew 1958 
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Falco sparverius 
Oiseaux 
F Miller & Smallwood 1997; Spitzerp et al. 1983  Petronia petronia 
Oiseaux 
M Tavecchia et al. 2002 
Ficedula albicollis F Pärt 1990 Phalacrocorax aristotelis F Aebischer 1995 
Ficedula hypoleuca F Harvey et al. 1984 Phalaropus lobatus M Reynolds & Cooke 1988 
Gymnorhina tibicen M Veltman & Carrick 1990 Philomachus pugnax F Jaatinen et al. 2010 
Gymnorhinus 
cyanocephalus F Marzluff & Balda 1989 Phoebastria immutabilis F Fisher 1971 
Hylocichla mustelina F Roth & Johnson 1993 Phylloscopus trochilus F Lawn 1982 
Lagopus lagopus F Martin & Hannon 1987 Pica pica F Birkhead et al. 1986; Eden 1987 
Lagopus leucura F Giesen & Braun 1993 Picoides borealis F Walters et al. 1992 
Larus argentatus F Chabrzyk & Coulson 1976 Porphyrio porphyrio melanotus F Craig & Jamieson 1988 
Lichenostomus melanops 
cassidix F Runciman et al. 1995 Puffinus puffinus F Harris 1960 
Limosa l. limosa F Groen 1993 Pygoscelis adeliae M Ainley 1984 
Malurus cyaneus F Mulder 1995 Quiscalus major M Post et al. 1996 
Malurus elegans F Rowley et al. 1988 Rissa tridactyla F Coulson & Nėve de Mėvergnies 1992 
Malurus splendens F Russell & Rowley 1993 Sayornis nigricans M Wolf 1997 
Manacus manacus F Lill 1974 Somateria mollissima M et F Baillie & Milne 1989; Kilpi et al. 2003 
Melanerpes formicivorus F Koenig & Mumme 1987 Sula nebouxii F Osorio-Beristain & Drummond 1993 
Melospiza melodia M Arcese 1989 Tadorna tadorna M Young 1970 
Morus bassanus F Nelson 1978 Tetrao tetrix F 
Caizergues & Ellison 2002; 
Höglund et al. 1999; Lebigre et 
al. 2008, 2010; Warren & Baines 
2002 
Notiomystis cincta F Richardson et al. 2010 Tringa totanus F Jackson 1994; Thompson & Hale 1989 
Oenanthe oenanthe M Brooke 1979 Troglodytes aedon F Drilling & Thompson 1988 
Otis tarda M Alonso & Alonso 1992 Turdoides caudata F Gaston 1978 
Parus caeruleus F Zeh et al. 1985 Turdoides squamiceps F Zahavi 1974 
Parus major F 
Andreu & Barba 2006; 
Dingemanse et al. 2003; 
Greenwood et al. 1979; Harvey 
et al. 1979 
Turdus iliacus F Bjerke & Espmark 1988 
Parus palustris F Nilsson 1989 Turdus merula F Greenwood & Harvey 1976 
Passer domesticus F Fleischer et al. 1984 Tyrannus forficatus M Regosin & Pruett-Jones 1995 
Perisoreus infaustus M Li & Merilä 2010 Zonotrichia leucophrys nuttalli F Petrinovich & Patterson 1982 
Zonotrichia leucophrys 
oriantha F Morton 1992 Zonotrichia leucophrys F Baker & Mewaldt 1978 
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Gasterosteus aculeatus 
Poissons 
M Cano et al. 2008 Salmo trutta 
Poissons 
M Bekkevold et al. 2004 
Salmo salar F Consuegra & Garcia de Leániz 2007 Salvelinus fontinalis M 
Fraser et al. 2004; Hutchings & 
Gerber 2002 
Anoplophora glabripennis 
Insectes 
F Smith et al. 2004 Pieris brassicae 
Insectes 
F Legrand et al. in prep. 
Calopteryx splendens M Chaput-Bardy et al. 2010 Proclossiana eunomia F Baguette et al. 1998 
Lucanus cervus M Ranius 2006 Sancassania berlesei M Bowler & Benton 2009 
Akodon azarae 
Mammifères 
M Cittadino et al. 1998 Felis silvestris catus 
Mammifères 
M Devillard et al. 2004 
Alouatta seniculus F Pope 2000 Gorilla gorilla gorilla M Melanie et al. 2007 
Antechinus agilis F Davison & Ward 1998 Homo sapiens F Towner 2002 
Antechinus minimus M Sale et al. 2009 Lasiorhinus krefftii F Johnson & Crossman 1991 
Antechinus stuartii M Fisher 2005 Lepus europaeus M Avril et al. 2011 
Apodemus sylvaticus M Kikkawa 1964 Lepus timidus hibernicus M Hamill et al. 2007 
Arvicola amphibius M Telfer 2000 Lontra canadensis M Blundell et al. 2002 
Ateles paniscus F Symington 1987 Lophocebus albigena M Olupot & Waser 2001 
Brachyteles arachnoides F Strier & Ziegler 2000 Lycaon pictus M Girman et al. 2001; McNutt 1996 
Canis latrans F Andrews & Boggess 1978 Lynx lynx M Schmidt 1998; Zimmermann et al. 2005 
Canis lupus M 
Gese & Mech 1991; Lehman et 
al. 1992; Mech 1987; Musiani et 
al. 2007 
Lynx rufus M Croteau et al. 2010; Janecka et al. 2007 
Cebus apella M Izar 2004 Macaca fuscata M Sugiyama 1976 
Cebus capucinus M Fedigan & Jack 2004 Macaca sinica M Dittus 1975 
Cercopithecus aethiops M Struhsaker 1967 Macropus giganteus M Zenger et al. 2003 
Cervus elaphus M et F Pérez-Espona et al. 2010; Pérez-González & Carranza 2009 Marmota flaviventris M Armitage 1974 
Chaetodipus formosus M Maza et al. 1973 Marmota monax M Bronson 1964 
Clethrionomys (Myodes) 
glareolus M Kikkawa 1964 Mephitis mephitis F Bjorge et al. 1981 
Colobus guereza M Harris et al. 2009 Microcebus berthae M Dammhahn & Kappeler 2005 
Crocidura russula F Balloux et al. 1998 Microcebus murinus M Fredsted et al. 2007; Radespiel et al. 2003 
Crocuta crocuta M Kruuk 1972 Microtus agrestis M Myllymaki 1977 
Dipodomys spectabilis F Busch et al. 2009; Jones 1987; Waser et al. 2006 Microtus arvalis F et M 
Borkovska et al. 2010; Gauffre 
et al. 2009; Ratkiewicz & 
Borkowska 2006 
Equus caballus F Monard & Duncan 1996 Microtus ochrogaster M Myers & Krebs 1971 
Erethizon dorsatum F Sweitzer & Berger 1998 Microtus oeconomus M Gundersen & Andreassen 1998 
Eulemur fulvus rufus M Wimmer & Kappeler 2002 Microtus pennsylvanicus M Bollinger et al. 1993; Myers & Krebs 1971 
      
Mus musculus M et F Lidicker 1976; Myers 1974; Rowe et al. 1963 Puma concolor M 
Biek et al. 2006; Ross & 
Jalkotzy 1992 
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Mustela erminea 
Mammifères 
M Erlinge 1977 Saccopteryx bilineata 
Mammifères 
F Davidson & Wilkinson 2004; McCracken 1984 
Myotis bechsteinii M Kerth et al. 2002 Sorex antinorii F Fivaz et al. 2003 
Ochotona princeps F Smith 1974 Spermophilus beldingi M Sherman 1977 
Odocoileus virginianus M Nelson 1993; Nixon & Mankin 2007 Spermophilus columbianus M Neuhaus 2006 
Otolemur crassicaudatus M Clark 1978 Spermophilus richardsonii M Mitchener & Mitchener 1977 
Pan paniscus F Eriksson et al. 2006 Spermophilus tereticaudus M Dunford 1977 
Panthera leo M Pusey & Packer 1987 Spermophilus tridecemlineatus M Rongstad 1965 
Papio hamadryas F Hammond et al. 2006 Tamias striatus M Chambers & Garant 2010; Loew 1999 
Pecari tajacu M Cooper et al. 2010 a, b Tarsius tarsier M Gursky 2009 
Peromyscus californicus F Ribble 1992 Taxidea taxus M Lindzey 1978 
Peromyscus maniculatus M Howard 1960 Trachypithecus vetulus M Johnson et al. 2001 
Phaner furcifer M Schülke 2003 Tscherskia triton M Song et al. 2005 
Phocoenoides dalli M Escorza Trevino & Dizon 2000 Tupaia tana F Munshi-South 2008 
Physeter macrocephalus M Lyrholm et al. 1999 Tursiops aduncus M Möller & Beheregaray 2004 
Potos flavus F Kays et al. 2000 Ursus americanus M Costello et al. 2008; Rogers 1987 
Procolobus badius F Crockett 1984 Ursus arctos M Glenn & Miller 1980; McLellan & Hovey 2001 
Procyon lotor M Fritzell 1978 Vombatus ursinus F Banks et al. 2002 
Pteromys volans F Hanski & Selonen 2009; Selonen et al. 2010 Vulpes vulpes M 
Gachot-Neveu et al. 2009; Storm 
et al. 1976 
Amblyrhynchus cristatus 
Reptiles 
M Rassmann et al. 1997 Crocodylus johnstoni 
Reptiles 
M Tucker et al. 1998 
Anolis roquet M Johansson et al. 2008 Egernia cunninghami M Stow et al. 2001 
Anolis sagrei M Calsbeek 2009 Egernia stokesii M Gardner et al. 2001 
Boa constrictor 
occidentalis M Rivera et al. 2006 Lacerta agilis M Olsson et al. 1996 
Caretta caretta M Bowen et al. 2005; Casale et al. 2002 Malaclemys terrapin F Sheridan et al. 2010 
Chlamydosaurus kingii M Ujvari et al. 2008 Niveoscincus microlepidotus M Olsson & Shine 2003 
Coronella austriaca M Pernetta et al. 2011 Zootoca vivipara M Massot & Clobert 2000 
Limulus polyphemus Merostomata M King et al. 2005     
 
Références : voir manuscrit 4
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d'Amérique, les femelles dispersent plus que les mâles pour éviter de se reproduire avec leurs 
frères (éviter de la consanguinité), augmentant leur probabilité de disperser (Sweitzer & Berger 
1998). Ces observations peuvent s'expliquer par des coûts et bénéfices des comportements 
sociaux (coalition) différents entre les sexes. On peut donc s'attendre à ce que chez certaines 
espèces, l'organisation sociale soit un facteur clé dans la décision de dispersion des sexes. 
 
 De plus, la direction du biais de dispersion peut être opposée d'une étude à l'autre chez la 
même espèce. Cette opposition peut s'expliquer par des conditions différentes entre les études. 
Par exemple chez le cerf (Cervus elaphus), deux études s'opposent en montrant d'un côté de la 
dispersion biaisé en faveur des femelles et de l'autre, de la dispersion biaisée en faveur des 
mâles (Pérez-Espona et al. 2010; Pérez-González & Carranza 2009). Cette différence 
s'explique par des conditions environnementales différentes entre les deux études. En effet une 
des deux études a été réalisée pendant la saison de la chasse, facteur influençant fortement le 
déplacement des mâles.  
  
 De nombreux modèles théoriques ont également été développés afin de mieux 
comprendre les mécanismes qui sous tendent la direction du biais de dispersion selon le sexe 
(Dobson 1982; Perrin & Goudet 2001; Perrin & Mazalov 2000). Dans la plupart des modèles, 
si la dispersion de reproduction des femelles résulte d'un évitement de la compétition pour les 
ressources, on prédit une augmentation de la dispersion des femelles quand le sexe ratio de la 
population est biaisé en faveur des femelles (resp. mâles). Si la dispersion de reproduction des 
mâles résulte d'un évitement de la compétition pour l'accès aux partenaires sexuels, on prédit 
une augmentation de la dispersion des mâles quand le sexe ratio de la population est biaisé en 
faveur des mâles (resp. femelles). Ces prédictions de l'impact du sexe ratio sur la dispersion 
des mâles et des femelles ont été peu démontrées en milieu empirique. Le Galliard et al. (2005) 
ont manipulé le sexe ratio adulte d'une population de lézards vivipares (Lacerta vivipara), 
espèce où une dispersion biaisée en faveur des mâles a été identifiée (Massot & Clobert 2000), 
afin de créer des populations biaisées envers les mâles (créant ainsi des conditions de forte 
compétition intra-sexuelle chez les mâles et de faible compétition intra-sexuelle chez les 
femelles), et des populations biaisées envers les femelles. En accord avec les hypothèses de 
Greenwood (1980), Le Galliard et al. (2005) ont montré que la variation du sexe ratio a affecté 
la dispersion des femelles (mais pas celle des mâles). Ce résultat est expliqué par le fait que les 
femelles pourraient disperser pour éviter la compétition pour les ressources plutôt que pour 
éviter la compétition pour les partenaires sexuels. Ainsi, la compétition pour les ressources 
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(modifié par le sexe ratio de la population) peut être un facteur majeur dans la décision de 
disperser chez le sexe généralement philopatrique (ici les femelles). En d’autres termes, plus la 
compétition entre les mâles est forte, plus les femelles vont être sélectives vis-à-vis des mâles, 
qui vont soit devoir être des compétiteurs efficaces, soit prendre la décision de disperser pour 
limiter les coûts de cette compétition. 
 
 Les recherches empiriques mettent généralement l’accent sur la mise en évidence d’un 
biais de dispersion entre les sexes (biais en faveur des mâles ou des femelles) plutôt que sur sa 
quantification. Cependant chez de nombreuses espèces, un des deux sexes va être moins 
dispersant que l'autre, mais ne sera pas pour autant philopatrique (fidèle à son site de 
naissance). Autrement dit, la dénomination d'une dispersion biaisée en faveur des mâles par 
exemple indique que les mâles dispersent plus que les femelles, sans pour autant savoir si les 
femelles dispersant quand même un peu ou si elles sont effectivement philopatriques. A partir 
de ce raisonnement, la quantification du biais de dispersion - combien de fois les mâles 
dispersent plus (ou moins) que les femelles? - semble être cruciale et serait notamment 
nécessaire aux modèles démographiques incluant de la dispersion biaisée par le sexe, pour 
lesquelles la simple direction du biais de dispersion est insuffisante.  
  
 La dispersion biaisée par le sexe peut être révélée par différentes techniques qui utilisent 
soit la comparaison statistique des taux ou des distances de dispersion estimées à la fois chez 
les mâles et les femelles (Goudet et al. 2002), soit la comparaison de marqueurs génétiques à 
différents modes de transmission (Petit et al. 2002). A partir d'une recherche bibliographique 
récoltant un grand nombre d'information sur la dispersion biaisée par le sexe chez de nombreux 
taxa (manuscrit 4), nous avons pu obtenir des informations concernant les distances de 
dispersion des mâles ou des femelles (issues des analyses de CMR ou de génétique). Les 
informations sur les traits d'histoire de vie des espèces, pouvant être à l'origine d'interactions 
entre les mâles et les femelles (incluant le système d'appariement) étaient également 
disponibles. Nous avons ainsi mis en relation (1) la direction du biais de dispersion et (2) la 
différence du biais entre mâles et femelles avec les traits d'histoire de vie des espèces. Notre 
analyse montre de fortes relations et co-évolutions entre le biais de dispersion et certains traits 
d’histoire de vie des espèces, permettant d’améliorer nos connaissances sur les facteurs 
agissant sur les individus mâles et femelles, et ainsi d’améliorer nos connaissances sur 
l’évolution de la dispersion. 
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 Introduction 
 
Dispersal, defined as any individual movements that sustain spatial gene flow, is a key 
function in the species life history, impacting population genetic structure, population 
dynamics and population persistence (Bohonak 1999; Malcolm 2002; Clobert 2001). However, 
despite this important role, the causes and the consequences of dispersal remain insufficiently 
well understood. Therfore, understanding the mechanisms of dispersal evolution became a 
fundamental question for over 20 years (Koenig 1996; Dieckmann 1999). In most species, 
dispersal patterns are not similar between genders and individuals of one sex often disperse 
more or father than individuals of the other sex. Such sex-biased dispersal (SBD) is particularly 
well documented in vertebrate species and has received particular interest during the past two 
decades (Pusey 1987). This asymmetry in dispersal ability between sexes might have deep 
impacts on population genetic structure and on metapopulation functioning (Goudet et al. 
2002; Greenwood 1980). SBD is also related to the unequal reproductive success of dispersers 
(Prugnolle & de Meeus 2002 Schweizer et al. 2007), which promotes the establishment of fine-
scale genetic structure and the adaptation to local environments (Greenwood 1980; Doligez et 
al. 1998; Goudet et al. 2002; Rousset 2004). Regarding on the crucial role of SBD in (meta-) 
population functionning, several studies focused of the factors which cause SBD for few years. 
Most of our current understanding of SBD comes from birds and mammals data: 
mammals usually show a bias for male dispersal (Dobson 1982) whereas in birds, females are 
generally more dispersive (Caizergues & Lambrechts 1999; Clarke et al. 1997; Greenwood 
1980). A consensual and general hypothesis is that dispersal becomes sex-biased when the 
evolutionary forces acting on dispersal (i.e. the fitness costs and reward associated with 
dispersal) are unbalanced between genders (Gauffre et al. 2009). From the observation of birds 
and mammals sex-bias in dispersal, three hypotheses were proposed to explain how SBD 
evolved: the ‘resource-competition hypothesis’ (Greenwood 1980); the ‘local mate competition 
hypothesis’ (Dobson 1982; Perrin & Mazalov 2000) and the ‘inbreeding avoidance hypothesis’ 
(Pusey 1987; Perrin & Mazalov 2000). All these hypotheses suggest that the mating system 
should play a major role in determining the costs and benefits of dispersal to each sex and 
hence influence the direction of the sex-bias. However the role of these three processes in 
structuring SBD within and among species is still controverted (Moore & Ali 1984; Kunkele & 
von Holst 1996; Wang 2012). Some studies also proposed that the evolution of SBD can be 
caused by other factors, such as social behaviour (Perrin & Goudet 2001) and others traits 
162
  
 
related to the interactions between males and females (Lawson Handley & Perrin 2007; 
Sutherland et al. 2000) and may not be driven by mating system only (Gauffre et al. 2009; 
Lane & Shine 2011). Moreover, behavioural traits also may have co-evolved with SBD (see 
Johnstone & Cant 2008; Gardner 2008). The evolutionary causes behind the evolution of SBD 
thus still require clarification (Lawson Handley & Perrin 2007).  
 The constellations of morphological or life history traits associated with dispersal refer 
to dispersal syndromes (Clobert et al. 2009). Several studies demonstrated that dispersal 
syndromes encompass traits as diverse as body length, body mass, hormonal rates, sociality, 
and several demographic traits (Hanski et al. 2006; Holekamp & Sisk 2003; Cote & Clobert 
2007; O'Riain et al. 1996; Sinervo et al. 2006, Stevens et al. 2012). These studies considered 
different elements of the dispersal process, like dispersal propensity or dispersal distances, but 
none considered the sex-bias of dispersal. We expect however that the direction of the sex-bias 
should also correlate with several life history traits. In fact, Sutherland et al. (2000) showed 
that body mass and diet type were related to the intensity of sex-bias (the difference in the 
distances) moved by males and females mammals. They also found similar relationships in 
birds, but their two analyses were conducted separately.  
 In this paper, we combined an extensive literature review for 275 species belonging to 6 
taxonomic groups (birds, mammals, reptiles, amphibians, fishes and arthropods) in order to (1) 
investigate the evolutionary history of SBD across contrasting taxonomic groups using 
comparative phylogenetic methods and (2) combine all species for which SBD has been 
identified to spot correlations between life histories and the direction of SBD and show how 
sex-bias is integrated into dispersal syndromes. 
 
Material and Methods 
  
Data selection 
 
We identified 368 publications reporting SBD by screening the Web of Science ® (1900-
present) with the following search strings: (sex-biased OR male-biased OR female-biased) 
AND (dispersal OR movement OR migration) or (dispersal distances OR migration distances 
OR mark-release-recapture OR genetics OR FST). Of these 368 publications, 202 identified 
male biased dispersal (N=166 species) and 166 identified female biased dispersal (N=136 
species). Six taxonomic groups were represented, for a total of 295 species (amphibians: N=6; 
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arthropods: N=20; birds: N=116; fishes: N=4; mammals: N=129; reptiles: N=20). Two kinds 
of methods allowed SBD identification (Table 1): direct methods and indirect methods. 
Among direct methods, SBD was identified with either tracking or mark-release-recapture 
(MRR) surveys that consist of marking numerous individuals and recapturing them after 
certain time intervals (Stanley & Burnham 1998). MRR provides the proportion of males and 
females recaptured and/or the distance travelled by individuals between two captures. When 
the ratio of males to females recaptured at the site of first capture was significantly different 
from the ratio marked there, SBD was assumed. When proportionally more males were 
recaptured than marked, dispersal was considered male biased; in the opposite case, dispersal 
was considered female biased. SBD was also identified directly when individuals of one sex 
moved further away from their site of origin than individuals of the other sex (as assessed by 
direct methods like MRR or tracking). These direct methods provide information on ecological 
dispersal (i.e. individual movement from one place to another, independently of the fact that 
the movement is or is not followed by reproduction, and hence gene flow; Lawson Handley & 
Perrin 2007) for 202 publications (181 species). Ecological dispersal does not necessarily lead 
to gene flow, as the reproductive success of an individual in its new habitat is usually not 
recorded.  
 
 SBD was also identified by indirect, genetic methods. The principal idea behind the use 
of genetic methods is the comparison of the female and male subpopulations (e.g. Palo et al. 
2004; Möller & Beheregaray 2004). If the genetic differentiation (as measured for instance by 
FST) is higher among males than among females, female biased dispersal (FBD) was assumed 
because dispersal promotes gene flow and thus reduces genetic differentiation among 
populations (all other else being equal). Another way to measure SBD by genetics is to 
compare the structure obtained from nuclear markers (inherited from both parents) to the 
structure obtained with mt-DNA (inherited from maternal lineage only). When the 
differentiation in the mt-DNA was higher than that of the nuclear markers, then dispersal was 
considered male-biased (MBD: male biased dispersal); in the opposite situation, dispersal was 
considered female biased. The genetic methods provide information about effective dispersal 
of genes in 84 publications (69 species). Additionally, 15 publications (14 species) combined 
the two methods. Other publications did not allow determining the method used for SBD 
identification.  
 
164
  
 
Table 1. Recorded life-history traits, with the categories by variable, their definition and their 
abbreviation used in the text. N = number of studies collected by variable's categories. MBD 
was used for male biased dispersal and FBD was used for female biased dispersal 
Life history 
traits 
Category 
abbreviation N Definition 
MBD 137 Males disperse more often/farther than females Direction in sex-
bias of  dispersal FBD 138 Females disperse more often/farther than males 
Direct method 202 MRR and tracking monitoring informing 
ecological dispersal Method of sex-biased 
identification Indirect method 73 Genetic methods informing effective dispersal (gene flow) 
♂ Polygamy1 0 1 
123 
152 
males are monogamous (monogamous or 
polyandrous mating systems).  
males are polygamous (promiscuous or 
polygynous mating systems) 
♀ Polygamy1 0 1 
205 
70 
females are monogamous (monogamous or 
polygynous mating systems) 
females are polygamous (promiscuous or 
polyandrous mating systems) 
♂ Colour sexual 
dimorphism 
0 
1 
219 
56 
females are not much coloured than males 
females are much coloured than males 
♀ Colour sexual 
dimorphism 
0 
1 
274 
1 
males are not much coloured than females 
males are much coloured than females 
♂ Size sexual 
dimorphism 
0 
1 
190 
85 
males are not bigger than females 
males are bigger than females 
♀ Size sexual 
dimorphism 
0 
1 
247 
28 
females are not bigger than males 
females are bigger than males 
 ♂ Sociality2 0 1 
121 
154 
No sociality in males 
Sociality in males 
♀ Sociality2 0 1 
 116 
159 
No sociality in females 
Sociality in females 
♂ Cooperation 0 1 
247 
28 
No cooperative breeding in males 
Cooperative breeding present in males  
♀ Cooperation 0 1 
239 
36 
No cooperative breeding in females 
Cooperative breeding present in females  
♂ Territoriality 0 1 
32 
 
243 
 
No territory defence by males during the breeding 
season  
Territory defence by males during breeding 
season 
♀ Territoriality 0 1 
90 
 
185 
 
No territory defence by females during the 
breeding season  
Territory defence by females during breeding 
season 
♂ Parental care 0 1 
136 
139 
Males do not participate to parental care 
Males provide parental care 
♀ Parental care 0 1 
31 
244 
Females do not participate in parental care 
Females provide parental care 
0 182 Sedentary species Migration 1 93 Migratory species 
1 In "Mating system" categories, an association between ♂ Mating System = 1 and a ♀ Mating System = 1 means 
a promiscuous mating system; ♂ Mating System = 0 and ♀ Mating System = 1 mean a polyandrous mating 
system; ♂ Mating System = 1 and ♀ Mating System = 0 mean a polygynous mating system and ♂ Mating System 
= 0 and ♀ Mating System = 0 mean a monogamous mating system. 
2
 In "Sociality" categories, an association between ♂ Sociality =1 and ♀ Sociality = 1 means a gregarious species 
and between ♂ Sociality = 0 and ♀ Sociality = 0 means a solitary species. 
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 Besides the direction of SBD (male or female bias), we also considered the strength in 
the bias, by using when available either the dispersal distances performed by males and 
females (from MRR and tracking studies) or the genetic differentiation (FST) for each sex (from 
genetic studies). We calculated for each species*study a dispersal difference between sexes 
following the two following equations:  
 
Eq (1): ST males ST femalesdispersal (distance or F )  - dispersal (distance or F ) dispersal differences = 
the lowest value between both
  
 
To account for large differences in dispersal ability among species, the male-female difference 
in dispersal was divided by the mean dispersal value (distance or genetic structuration). As 
these dispersal differences were absolute (scaleless) differences, we combined the differences 
calculated from data coming from direct and indirect methods. A negative difference indicates 
FBD and the magnitude of the difference reflects the degree of the sex-bias. Dispersal 
difference was calculated from 100 publications (N=86 species; Table 2). Dispersal 
differences should be highly informative for understanding the evolutionary causes of dispersal 
(Murrell et al. 2002; Rousset & Gandon 2002) because the reasons for long-distance and short-
distance dispersal are likely to be very different (Ronce et al. 2001, Clobert et al. 2004).  
 
Table 2. Range of dispersal differences between males and females depending on taxonomic 
groups. Values combined MRR/tracking and genetic studies. A negative difference means a 
female biased dispersal and a positive one means a male biased dispersal. All taxonomic 
groups showed both male (values > 0) and female biased dispersal (values < 0). A very 
negative (resp. positive) value means a high difference between male and female dispersal 
differences with a bias toward females (resp. males). In this case, females (resp. males) move 
very higher dispersal distances than males (resp. females).  
 
Taxonomic group Number of publications 
Number 
of species 
Minimum  
dispersal differences 
Maximum  
dispersal differences 
Amphibians 2 2 -0.1625 1.9121 
Arthropods 2 2 -0.0992 0.3862 
Birds 33 30 -1.7343 1.6414 
Fishes 2 2 -0.2857 1.6363 
Mammals 49 39 -1.6543 1.8462 
Reptiles 12 11 -1.8095 1.4667 
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 For the investigation of relationships and co-evolution between SBD and life-history 
traits, we recorded the value of several traits pertaining to male-female interactions (see Table  
1, Appendix 1 and Appendix 2 for life histories traits definitions used). Additionally, as 
migration is often linked to dispersal, we also considered the migratory status of species 
(Johnson 1969; Semlitsch 2008). For some species and traits, trait state varies among 
individuals. For example, most individuals of a given species can be monogamous while a 
minority is polygamous. In these cases, we attributed to the species the state of the life history 
trait corresponds to the majority of the individuals (the mating system would be ‘monogamy’ 
in the previous example; Table 1). In 79 species (93 publications), life history data were 
incomplete and we removed these species from further data analysis (Ntotal was thus 216 
species (from 275 publications): 4 amphibians, 7 arthropods, 100 birds, 4 fishes, 87 mammals 
and 14 reptiles species; see Table 1 and Appendix 1). Table 3 shows the proportion of species 
for each life history trait depending on taxonomic groups. 
 
Sex-biased dispersal evolution and co-evolution with life-history 
 
We built a composite phylogenetic tree (Fig. 1) including all species used here, from the Tree 
of Life Project (2002). We computed its branch lengths using Grafen’s (1989) method. As 
study conditions like spatial or temporal scales may differ between publications, different sex-
bias in dispersal may be identified for these populations. To incorporate this level of variation 
in our analyses, when SBD was reported several times for a species, we replaced the species’ 
tip by an unsolved node branching the several tips of a species (one for each population) on 
this tree.Common ancestry causes statistical non-independence between species data that need 
to be taken into account (Felsenstein 1985), and may also promote similarity in trait values 
between close related species, in which we are interested. We first tested if the direction of 
SBD and the values of life history traits showed significant phylogenetic signal by calculating 
the D value (Fritz & Purvis 2010) defined as a measure of phylogenetic signal in a binary trait 
and implemented in the caper R-package (Orme 2012). The D value is based on the sum of 
differences between sister-clades in a phylogenetic tree. The significance of D was tested using 
(1) a random trait distribution through the phylogenetic tree (value of D significantly distinct 
from 1) and (2) a trait distribution following a Brownian evolution (value of D significantly 
distinct from 0; Fritz & Purvis 2010).  
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Table 3. Percent of species used in our database for each life history traits depending on sex 
and taxonomic groups. N = number of species by taxonomic group. In pies, the proportion of 
species with different trait states are represented as follows: black part for species with state 1 
and white part for species with state 0 (See Table 1 for details). For sex-biased dispersal, the 
pies illustrate in pink the proportion of species with a female biased dispersal in blue the 
species with a male biased dispersal.  
  Taxonomic groups 
 Sex Amphibians (N=4) 
Arthropods 
(N=7) 
Birds 
(N=100) 
Fishes 
(N=4) 
Mammals 
(N=87) 
Reptiles 
(N=14) 
All species 
(N=216) 
Sex-biased 
dispersal - 
 
 
 
 
 
 
 
♂ 
 
 
 
 
 
 
 
Mating 
systems 
♀ 
 
 
 
 
 
 
 
♂ 
 
 
  
 
 
 
Colour 
sexual 
dimorphism 
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Size sexual 
dimorphism 
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 Territoriality 
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care 
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  Sociality 
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Migration - 
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Figure 1. Phylogenetic tree of the 216 species used in this study. Colours of species labels 
refer to identified sex-bias in dispersal (red for female biased dispersal and blue for male 
biased dispersal). Colours on the circle indicate taxonomic group. 
 
 We reconstructed the ancestral states of SBD and life history traits at each node of the 
phylogeny using maximum parsimony using the phangorn R-package (Schliep 2011) and the 
BayesDiscrete module implemented in the BayesTraits software (available from 
www.evolution.rdg.ac.uk; Pagel et al. 2004; Barker & Pagel 2005; Pagel & Meade 2006). 
BayesDiscrete was also used to test if the direction of SBD showed a co-evolution with life 
history traits among groups of species. First, BayesDiscrete fitted two continuous-time Markov 
models (see below) to each trait. Through the phylogenetic tree, a state 1 could change to state 
0 and the reverse. BayesDiscrete estimated the ancestral state of each life history trait by 
169
  
 
attributing a state of trait at each node of the tree. The models then estimated the transition 
rates (transition 0 → 1 and 1 → 0 for each trait; see Pagel 1994) by the maximum likelihood 
method. Secondly, we used BayesDiscrete to test for co-evolution between two binary traits 
(here SBD and each life history trait) by comparing the fit (log-likelihood) of two continuous-
time Markov models. The first model suggested that the concordance between the two traits 
evolved independently on the phylogeny. In the second model, the traits were supposed to have 
evolved depending on the phylogeny and therefore show co-evolution (Pagel 1994; Pagel & 
Meade 2006). For two binary traits, 4 combinations of states are possible: (1-1), (1-0), (0-1) 
and (0-0). If two traits have evolved independently, the transition rate between the two states of 
one trait will not depend on the background state of the other one. First, we compared the 
maximum likelihood (ML) of both models to determine which hypothesis was most supported 
by the data (i.e. independent evolution of traits vs. co-evolution). The statistical significance of 
ML differences were estimated by likelihood ratio tests (LRT) calculated as follows: 
)lnln(2  LRT 1ML2ML −×= , where lnML1 is the log-likelihood of the phylogenetically 
independent model and lnML2 is the log-likelihood of the phylogenetically dependent model. 
The significance of these tests were assessed relatively to the Chi-squared distribution with 
four degrees of freedom and allowed us determining the probability that the two traits (SBD 
and a life history trait) co-evolved through the phylogenetic tree. When the log-likelihood of 
the dependent model (lnML2) was significantly higher than the log-likelihood of the 
independent model (lnML1), the hypothesis of a co-evolution between the traits cannot be 
rejected. 
 
Secondly, we used Bayesian Markov Chain Monte Carlo (MCMC) statistics (Pagel & 
Meade 2006) to compare the fit of the two models (independent evolution and co-evolution of 
traits). As the reconstruction of ancestral character can be subject to errors within the 
phylogenetic tree, MCMC statistics also accounted for phylogenetic uncertainly (see Pagel & 
Meade 2006). Bayesian MCMC statistics calculated the total harmonic mean of the maximum 
likelihoods (as an approximation of the marginal likelihood) for the phylogenetically-
independent and the phylogenetically-dependent models. As recommended in the BayesTraits 
manual, we performed a burn-in of 50 000 iterations (Pagel & Meade 2006) and sampled every 
100th step from a total of 5 000 000 iterations. We then calculated the difference between the 
harmonic means of log-likelihoods of both models. This difference, a BayesFactor, was 
interpreted as follows: when >2, we considered that there was positive evidence for the co-
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evolution of the traits; >5 = strong evidence for co-evolution; >10 = very strong evidence for 
co-evolution (Pagel & Meade 2006); <2 indicated no evidence fot trait co-evolution. After 
having selected (either the model independent of phylogeny or the model dependent on the 
phylogeny), we calculated the frequency of transition rates (0 → 1 and 1 → 0) for each life 
history trait, to investigate the relative stability of traits states in the phylogenetic tree. 
 
Sex-biased dispersal in dispersal syndromes 
 
To test if the direction of SBD was significantly different between taxonomic groups, we first 
performed Chi-square tests between the direction of dispersal bias (male or female bias) and 
taxonomic groups, followed by a Tukey's test. 
 
 We then analyzed associations between the direction of SBD and life-history traits 
using generalized linear mixed-effects models in which the method of SBD detection was used 
as co-variate. We modelled SBD as a binomial factor and used a logit link. In these models, 
species was included as a random effect since for a few species multiple SDB values were 
reported (see Appendix 1). The full model also included the 15 traits shown in Table3. 
 
 We then performed a similar generalized linear mixed-effects model to explain the 
variance in dispersal differences between sexes, this time using a Gaussian distribution and an 
identity link.  
 
 The statistical analyses were done using R 2.12 (R Development Core Team 2011). The 
lme4 R-package (Bates et al. 2009) was used to run the saturated models and the model 
selection. Model selection was performed by the stepwise backward elimination of the least 
significant term. At each step, the models (before and after the elimination of this term) were 
compared using likelihood ratio tests (LRT) to analyse the significance of the variable 
removed. If the effect of this variable was not significant, the new model was kept and the 
backward elimination continued. The procedure was stopped when all terms retained had a 
significant effect on the response variable. 
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Results 
 
Reconstruction of ancestral characters and co-evolution with life-history 
 
 All traits but one (♀ colour sexual dimorphism, prand = 0.228) were not randomly 
distributed in the phylogeny (Table 4; prand < 0.001). For three traits (♀ colour sexual 
dimorphism, ♀ size sexual dimorphism and ♀ parental care), the phylogenetic pattern was not 
significantly different from a Brownian distribution (pbrown = 0.672; 0.082 and 0.878 
respectively). For all other traits, both probabilities values were < 0.05, meaning that the 
phylogenetic distribution of each life history trait cannot be distinguished from a random (D 
closed to 1) nor from a Brownian distribution (D closed to 0).  
 
Table 4. Phylogenetic signals tested for each life history trait used in our analysis using the D 
statistics (Fritz & Purvis 2010) and its associated probabilities. prand tests the probability that 
the trait distribution follow a random distribution and pbrown tests that the probability that the 
trait distribution follow a Brownian distribution. 
 
Life history traits D prand pbrown 
sex-biased dispersal 0.5737 0 0 
♂ mating system 0.1928 0 0.035 
♀ mating system 0.4167 0 0 
♂ colour sexual dimorphism 0.4520 0 0 
♀ colour sexual dimorphism -0.8246 0.228 0.672 
♂ size sexual dimorphism 0.4387 0 0 
♀ size sexual dimorphism 0.2008 0 0.082 
♂ territoriality 0.6927 0 0 
♀ territoriality 0.6157 0 0 
♂ parental care 0.2007 0 0.04 
♀ parental care -0.1565 0 0.878 
♂ sociality 0.4736 0 0 
♀ sociality 0.4681 0 0 
♂ cooperation 0.4558 0 0.001 
♀ cooperation 0.4097 0 0.001 
migration 0.2745 0 0.004 
 
  
 After reconstructions of ancestral states of traits (Fig. 2 and Appendix 3), we detected 
significant co-evolutions between SBD and several life history traits: ♂ mating system, ♂ size 
sexual dimorphism, ♀ size sexual dimorphism, ♂ territoriality, ♂ parental care, migration and 
♀ cooperation (Table 5). Analyses about the co-evolution between SBD and ♂ parental care 
returned the highest likelihood ratio (likelihood ratio = 25.91, p < 0.001) and the highest Bayes 
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Factor (10.69), which we considered a strong evidence of the co-evolution of SBD direction 
and ♂ parental care. 
 
 The number and the frequencies of transition between 0 → 1 and between 1 → 0 for 
each life history trait are given in Table 6. The less stable life historiy traits were sex biased 
dispersal, ♀ territoriality and ♂ sociality (each with 43 transitions). Overall, we also observed 
that transitions between 0 → 1 were more common than transitions between 1 → 0 (217 vs. 
163). Several life history traits (♀ mating system, ♂ colour sexual dimorphism, ♂ size sexual 
dimorphism, ♀ size sexual dimorphism, ♂ parental care, ♂ cooperation and ♀ cooperation) 
showed more often the transitions 0 → 1 than the reverse transition. On the contrary, 
territoriality (♂ territoriality, ♀ territoriality) demonstrated much common transitions 1 → 0 
than the reverse transition (Table 6).  
 
Table 5. Results of maximum likelihood and Bayesian Markov Chain Monte Carlo (MCMC) 
statistics of co-evolution between sex-biased dispersal and life history traits. In the variables 
column, SBD means sex-biased dispersal and other abbreviations of life history traits are given 
is Table 1. Significant co-evolutions are in bold. 
 Maximum likelihood MCMC 
 Likelihood   Harmonic mean of log likelihood  
Variables Dependent 
model 
Independent 
model 
Likelihood 
ratio P-value
1
 
Dependent 
model 
Independent 
model 
Bayes 
Factor2 
SBD/♂ mating system -297.95 -309.24 22.57 < 0.01 -317.86 -318.88 2.04 
SBD/♀ mating system -305.72 -309.33 7.23 0.12 -322.17 -316.37 -11.58 
SBD/♂ colour sexual 
dimorphism -291.93 -295.19 6.52 0.16 -303.34 -302.20 -2.29 
SBD/♀ colour sexual 
dimorphism -181.35 -182.00 1.30 0.86 -188.98 -189.20 0.43 
SBD/♂ size sexual 
dimorphism -307.55 -314.29 13.48 0.01 -319.31 -320.75 2.87 
SBD/♀ size sexual 
dimorphism -234.05 -240.92 13.75 0.01 -244.28 -248.30 8.05 
SBD/♂ territoriality -262.78 -267.84 10.13 0.04 -279.25 -278.06 -2.39 
SBD/♀ territoriality -330.18 -330.88 1.40 0.84 -342.27 -342.28 0.01 
SBD/♂ parental care -291.46 -304.41 25.91 < 0.01 -308.89 -314.23 10.69 
SBD/♀ parental care -200.48 -202.11 3.26 0.52 -210.14 -209.98 -0.33 
SBD/♂ sociality -335.35 -338.74 6.79 0.15 -346.49 -345.91 -1.16 
SBD/♀ sociality -334.40 -336.97 5.15 0.27 -346.48 -344.81 -3.35 
SBD/♂ cooperation -237.79 -241.86 8.15 0.09 -248.67 -248.30 -0.75 
SBD/♀ cooperation -245.83 -251.96 12.26 0.02 -261.46 -258.15 -6.62 
SBD/migration -301.62 -311.54 19.84 < 0.01 -317.94 -321.25 6.63 
1Significance based on a chi-squared test with four degrees of freedom (Pagel 1994). 
2BayesFactor values supported a model of co-evolution as following: >2 = positive evidence for co-evolution; >5 
= strong evidence for co-evolution and >10 = very strong evidence for co-evolution. 
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Figure 2. Phylogenetic tree of the reconstruction of ancestral character states for sex-biased 
dispersal, based on maximum parsimony, and data for 216 species (275 populations). Branches 
and tips are coloured in blue for a male biased dispersal and in red for a female biased dispersal 
state. In grey, branches for which the reconstruction method did not allow choosing between a 
male or a female bias. Numbers on nodes correspond to: 1. Bilateria, 2. Arthropoda, 3. 
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Osteichthyes, 4. Fishes, 5. Tetrapoda, 6. Mammals, 7. Amniota, 8. Sauria, 9. Neognathae, 10. 
Neonaves, 11. Birds, 12. Batrachia 
 
Table 6. Estimated transition rates (numbers of transitions and frequencies) in the phylogeny 
for all life history traits used in our analysis. 
 
 Transition 0 → 1 Transitions 1 → 0 
Life history traits Numbers Frequency Numbers Frequency 
sex-biased dispersal 19 0.0693 24 0.0876 
♂ mating system 9 0.0328 13 0.0474 
♀ mating system 27 0.0985 1 0.0036 
♂ colour sexual dimorphism 16 0.0584 1 0.0036 
♀ colour sexual dimorphism 1 0.0036 0 0.0000 
♂ size sexual dimorphism 24 0.0876 6 0.0219 
♀ size sexual dimorphism 12 0.0438 0 0.0000 
♂ territoriality 1 0.0036 21 0.0766 
♀ territoriality 13 0.0474 30 0.1095 
♂ parental care 15 0.0547 8 0.0292 
♀ parental care 4 0.0146 1 0.0036 
♂ sociality 24 0.0876 19 0.0693 
♀ sociality 14 0.0511 20 0.0730 
♂ cooperation 10 0.0365 3 0.0109 
♀ cooperation 14 0.0511 1 0.0036 
migration 14 0.0511 15 0.0547 
 
Integration of sex-bias in dispersal syndromes 
 
 The direction of SBD significantly differed among taxonomic groups (χ²
 
= 62, p < 
0.001, d.f. = 6). Dispersal of mammals, reptiles and fishes were significantly more often male-
biased than dispersal of birds, which was generally female-biased (Tukey's test: between 
mammals and birds: p < 0.001; between reptiles and birds: p < 0.001 and between fishes and 
birds: p = 0.09).  
 
 After the backward exclusion of non-significant variables, the best model retained 4 
significant explanatory variables related to the direction of SBD (Table 7). Dispersal is more 
often male biased for species with polygamous males (i.e. polygynous or promiscuous mating 
systems) and for species with territorial females whereas it is female biased for species with 
territorial males and paternal care (Table 7).  
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Table 7. Summary of the best model explaining the direction of sex-biased dispersal among 
several taxonomic groups using life history traits as explanatory variables (detailed in Table 
1). Life history traits kept in the model had significant effects on the direction of SBD after 
backward selection.  
 
Estimate Standard Error z value Pr (>|z|) 
(Intercept) 2.712 3.060 0.886 0.3755 
♂ mating system 5.432 1.807 3.007 0.0026 ** 
♂ territoriality -6.396 2.793 -2.290 0.0220 * 
♀ territoriality 3.438 1.699 2.024 0.0429 * 
♂ parental care -4.705 1.804 -2.608 0.0091 ** 
***: P<0.001; **: 0.001<P<0.01; *:0.01<P < 0.05.  
  
 Dispersal differences is informed from direct methods in 60 MRR or tracking studies, 
relating female bias in 25 publications (mean difference ± SD = 92.21 ± 170.51 km, range = 
0.013 - 640 km) and male bias in 35 publications (mean difference ± SD = 65.41 ± 132.98 km, 
range = 0.003 - 596 km) and from indirect methods in 40 papers, female bias being reported in 
13 publications (mean FST difference ± SD: 0.031 ± 0.0384, range = 0.0001 - 0.1124) and male 
bias being reported in 27 publications (mean FST difference ± SD: 0.0935 ± 0.1548, range = 
0.001 - 0. 78)]. When comparing the difference between dispersal differences in males and 
females with a species’ life-history, the best model retained only ♀ size sexual dimorphism 
(LRT: P < 0.001, likelihood ratio = 12.7295, d.f. = 4). The presence of size sexual dimorphism 
in females was negatively related to the degree of SBD suggesting that species where females 
are bigger than males showed a greater degree of FBD. 
 
Discussion 
 
Although much effort has focused on the causes and the consequences of SBD in the past 
decades, less attention has focused on the understanding the evolutionnary history of this 
pattern. The major goals of this study were to evaluate the implementation of SBD within life-
history traits syndromes and to analyse the evolutionary history of SBD by co-evolutions with 
other traits. By using of a large database and phylogenetic tree including all species (n = 216 
from 275 studies) for which the direction of SBD has been identified combined with their 
specific life history traits, we highlighted that (1) the direction of SBD was taxonomic groups 
dependent, (2) the sex-bias was strongly related to mating systems, territoriality and parental 
care and (3) the SBD has strong co-evolution relationships with several life history traits. 
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Adding to the known relationship between SBD and mating systems (Greenwood 1980), our 
findings showed that sexual dimorphism, parental care and territoriality (but not the sociality 
contrary to expected) play major roles in the evolution of SBD. Below, we will explain the co-
evolution relationships highlighted between SBD and life history traits. We will then discuss 
the various biases within our database and analyses and provide perspectives for future 
researches about SBD's evolution. 
 
Co-evolution relationships between sex-biased dispersal and life-history traits 
 
 First, our findings demonstrated that the direction of SBD was significantly different 
depending on taxonomic groups and in particular that the dispersal of birds was more generally 
female-biased whereas mammals showed MBD, a picture that has been previously highlighted. 
We also showed that reptiles and fishes, for which few studies about SBD were available, 
tended to show MBD but this pattern needs to be confirmed. These taxonomic predictions were 
in accordance with the Greenwood's hypothesis (Greenwood 1980) suggesting that MBD is 
assumed to be an ancestral characteristic of mammals and that FBD is the common pattern in 
birds. To explain this pattern, Greenwood (1980) argued that the direction of SBD could be a 
consequence of different resources conditions needed (referred to the access to mate) and 
inbreeding avoidance. This hypothesis often refers to a difference of general pattern of mating 
systems among taxonomic groups. Accordingly, while birds generally show resource defence 
monogamy (lead to FBD), mammals exhibit female defence polygyny (inducing MBD). In this 
way, even if the number of publications used for reptiles are lower than the number used for 
mammals, the Greenwood's hypothesis seems to be applicable also for reptiles (polygynous or 
a promiscuous mating systems). Concerning fishes, the number of publications identifying 
SBD was too low to conclude about the relationship with their mating system associated and 
the direction of SBD. Therefore and according to the Greenwood's hypothesis, we expected to 
explain the taxonomic differences found about the direction of SBD by the type of mating 
system within the taxonomic group (Greenwood, 1980). 
 
 As expected under Greebwood’s hypothesis, we found a strong relationship between the 
direction of SBD and mating system in males. When males are polygamous (polygynous and 
promiscuous mating systems), dispersal tend to be biased toward males (Table 4). Male 
monogamy or polygamy also displays strong coevolution with SBD (Table 6). Although 
mating system could be a good predictor of the direction of the SBD among taxonomic groups, 
177
  
 
several exceptions have been observed implying that other factors than mating systems could 
explain and predict the direction of SBD, as already proposed (Gauffre et al. 2009; Lane & 
Shine 2011). Indeed in our database, 33.3% of the monogamous species showed dispersal 
toward males (expected to the Greenwood's hypothesis to show a FBD) and 29.4% of the 
polygynous species showed FBD (expected to the Greenwood's hypothesis to show a MBD). 
For example in birds, several bird species demonstrated MBD, despite being monogamous 
[Amazona auropalliata (Wrigh et al. 2005) or Bonasa bonasia (Fang & Sun 1997)]. In 
mammals, several exceptions also occurred, with species showing FBD, even if species are 
polygynous [Alouatta seniculus (Pope 2000) or Cervus elaphus (Pérez-González & Carranza 
2009)].  
 
 Besides mating systems, the role of sociality has emerged as a key factor in the 
evolution of SBD in the last years (Lawson Handley & Perrin 2007; Devillard et al. 2003). 
Sociality often referred to cooperative interactions (Perrin & Lehmann 2001; Lehmann & 
Perrin 2002) among members of a group. Some studies argued that the emergence of social and 
cooperative behaviors could be a consequence of SBD (Frank 1998; Hamilton 1964; Gompper 
et al. 1997). Indeed, SBD might facilitate philopatry for one sex, which might induce kin 
structured groups and increase the sociality among members of a group when philopatry 
promote benefits. In this way, we expected the direction of SBD to impact the evolution of 
sociality. But contrary to expectations (Perrin & Goudet 2001), we did found neither 
relationship nor co-evolution between the direction of SBD and sociality (Table 4 and Table 
6). We observed that transitions between the presence or absence of sociality in both males and 
females were relatively equal and numerous, suggesting that the social behaviour states could 
switch commonly through time (Table 7). This instability of sociality's states could explain the 
fact that we did not demonstrated any relationship between this trait and SBD. In primates 
only, Shultz et al. (2011) also showed no co-evolution between SBD and social living (weak 
relationship). They concluded that the change in SBD did not drive directly the transitions of 
sociality, but could be related to the secondary transition of stable groups (Shultz et al. 2011). 
However, correlation between SBD and sociality still remains unclear. For instance, several 
exceptions of the Greenwood's hypothesis (polygynous mammals showing a FBD) often live in 
one-male units (i.e. one male and several females; harems) and show high cooperation levels. 
We then expected that costs and benefits from sociality between both sexes to have a different 
impact on the direction of SBD. In these cases, advantages for a unique male within a kin 
cooperation groups might promote male philopatry and hence FBD (Lawson Handley & Perrin 
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2007). Therefore, the Greenwood's hypothesis could be influenced by the levels of cooperation 
being in the specie's groups. If the sociality seemed to play a major role within a species, we 
could expect the reverse expectation of the Greenwood's hypothesis. Accordingly, another 
study (Devillard et al. 2003) showed a high co-evolution relationship between the level of 
sociality and MBD rate in eleven rodents. This kind of relationship could not be found using 
our database, first because the majority of dispersal rates for each sex are not available (only 
the direction of SBD) and secondly because the attribution of sociality's levels between 
taxonomic groups seems very difficult.  
 
 Our results demonstrated several links between the direction of SBD and life history 
traits. These life histories might be associated to mating systems. For instance, a FBD is often 
explained by resource defence systems, where males found considerable benefits to be 
philopatric (Greenwood 1980; Liberg & von Schantz 1985). Indeed, males of these species 
play a major role in both territory acquisition and defence (Favre et al. 1997). Accordingly, we 
expected to find relationship between the direction of SBD and territoriality. Predictable link 
between the direction of SBD and territoriality was previously discussed in birds (Greenwood 
1980; Waser & Jones 1983). But two consequences of territoriality could lead to SBD. Indeed, 
territoriality may either increase philopatry of the less dispersing sex (because the territorial 
sex is often the one who monopolizes local resources) or induce their dispersal to find a good 
mate (local mate competition hypothesis; Dobson 1982; Fretwell & Lucas 1969; Johnson 
1986). These expectations might be context dependent. When a sex defend territories, 
philopatry might be advantageous for it (Arcese 1989; Zack 1990; Zack & Stutchbury 1992) 
especially when the dispersal costs are high (Clutton-Brock 1989). According to these 
hypotheses, our results highlighted a strong link between territoriality and the direction of 
SBD, revealing that species tend to show MBD when males are not territorial and when 
females are (Table 4 and Table 6). Our findings corroborated the first expectation of the 
territoriality impact on SBD, suggesting that philopatry induced by territoriality could be 
advantageous. This result is also in accordance with the Greenwood's hypothesis, showing that 
males who defend territories to attract females should find many advantages in philopatry 
(Greenwood 1980; Baker 1978). However, several mammals with a MBD showed also 
territoriality in both males and females. In these cases, territoriality can lead to the dispersal of 
the territorial sex (Waser & Jones 1983). Therefore, disequilibrium between the factors 
influencing territoriality (availability of local resources, level of competition for mate) could 
induce some costs or benefits to the territorial sex, and hence stimulate it to disperse or not. 
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Although some exceptions, we highlighted that territoriality in males showed a strong co-
evolution relationship with the direction of SBD, suggesting that this life history traits could be 
a good predictor of the sex bias.  
 
 The benefits of philopatry could be under the influence of territoriality (female 
attraction), but also dependent of the resource exploitation. In mammals, females are often 
more philopatric than males because they are under strong selection for resource exploitation 
since they generally perform sole parental care (Wolff 1994) which may increase the benefits 
of philopatry (Johnson & Gaines 1990). Consequently, we argued that the sex performing 
parental care could be the less dispersing sex. Our results were in accordance with this 
hypothesis. When males performed parental care, the dispersal pattern observed could be 
biased toward females (Table 4). Our findings also showed that the parental care performance 
in males has strongly co-evolved with the SBD (Table 6), suggesting that the transition of the 
parental care performance in males could predict the major transition of SBD. With its 
associated probabilities (likelihood ratio = 25.91, p < 0.001; Bayes Factor = 10.69), this life 
history trait showed the strongest co-evolution with the direction of SBD. Transitions between 
absence of parental care to presence of parental care in males were more frequent than the 
reverse (Table 7). These results suggested that presence of parental care in males might bring 
more advantages than the absence of this trait. Nevertheless, the presence of parental is often 
linked to the mating system of the species. When males are polygamous (polygynous or 
promiscuous mating systems), they tend to not perform parental care, while when females are 
monogamous (monogamous or polygynous mating systems) they often protect and care for 
their young.  
 
 Mating systems can also be related to sexual dimorphism (Dunn et al. 2001; Frayer & 
Wolpoff 1985; Geary & Flinn 2001; Owens & Hartley 1998). In polygynous species, mate 
competition for female's access is more intense than in monogamous systems. This competition 
induces sexual selection and hence phenotypic differences between males to increase their 
chance to attract females. For instance, large males could have an advantage in male-male 
competition for female access. In polygynous species and if sexual dimorphism occurred, 
MBD should be expected, due to the local mate competition hypothesis (Dobson 1982). 
Consequently, we expected a high sexual dimorphism to lead to a high difference of dispersal 
between sexes. Indeed, the sex taking the sexual dimorphism (the bigger or the most coloured 
sex) should show a bias of dispersal, as consequence of an intense mate competition. Our 
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analysis from dispersal differences corroborated this hypothesis and demonstrated a link with 
sexual size dimorphism. We found that the more males of a species are bigger than females, 
the more they disperse. Indeed, in birds, a sexual dimorphism in body size is related to a high 
cost of male-male competition for female access (Promislow et al. 1992). Consequently, this 
high cost of male mortality might lead to male dispersal because of both local mate and 
intrasexual competitions (Dobson 1982; Pusey 1987; Owen-Smith 1993). Additionally, all 
transitions about sexual dimorphism were strongly unequal. Transitions from the absence of 
the sexual dimorphism to the getting dimorphism state of a sex (much coloured or much bigger 
than the other one) were more frequent than the reverse (Table 7). Altogether, these results 
suggest that the presence of a sexual dimorphism in a sex could promote SBD and provide high 
benefits, but may be very risky in case of high mate competition.  
 
 Finally, our results demonstrated a strong co-evolution between migratory behaviour 
and SBD (Table 6). Generally in migratory species, males arrive earlier at the breeding sites to 
find better territories and hence increase their reproductive success (Aebischer et al. 1996; 
Arvidsson & Neergaard 1991; Currie et al. 2000; Lozano et al. 1996; Wiggins et al. 1994). 
This behaviour induces strong male-male competition for breeding territory access. Therefore, 
our results suggest that the local mate competition (Dobson 1982) related to intrasexual 
competition (Pusey 1987) before and during the breeding season could strongly affect the 
male's reproductive success and hence induce male dispersal. 
 
Technical biases and perspectives 
 
Greenwood's hypothesis (Greenwood 1980) supports that while a resource defence monogamy 
lead to FBD (in general in birds), a female defence polygyny induces MBD (related to 
mammals). However, several exceptions have been highlighted suggesting that the 
Greenwood's hypothesis could be too simplistic to explain the direction of SBD among species. 
Indeed, as consequences of the large variation between life histories among species (and also 
within species) we observed numerous combinations of life histories among species: 
polygynous species with territorial males can lead to FBD [Bonasa umbellus in birds (Small & 
Rusch 1989); Microtus arvalis in mammals (Gauffre et al. 2009)] or MBD (Colobus guereza 
in mammals (Harris et al. 2009); Otis tarda in birds (Alonso & Alonso 1992)]; monogamous 
species with non territorial male can lead to MBD [Chloris chloris in birds (Greenwood & 
Harvey 1977); Lycaon pictus in mammals (McNutt 1966; Girman et al. 2001)] or FBD 
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(Gymnorhinus cyanocephalus in birds (Marzluff & Balda 1989)]. The variability of mating 
systems and other life histories like sociality levels among taxonomic groups suggest that SBD 
can be explain by multiple proximate causes. Accordingly, our results showed that the 
direction of SBD could be better explained by an association between mating systems and life 
histories (parental care, sexual dimorphism and territoriality). The relationship between mating 
systems and the direction of SBD seemed to be more complex than previous. To clarify the 
correlations with SBD and life histories (including mating systems), a increasing of SBD study 
is needed. Moreover, the determination of life histories is also necessary especially in fishes, 
amphibians and arthropods.  
 
 Understanding the co-evolution relationships between the SBD and life history traits 
could improve our comprehension of this particular pattern's evolution and also help to develop 
theoretical models on population dynamics. Especially, our approach about dispersal 
differences could be very interesting in sex-biased dispersal modelling, where quantitative 
information about the difference in dispersal differences between sexes could be crucial and 
help to understanding evolutionary causes of dispersal (Murrell et al. 2002; Rousset & Gandon 
2002). As SBD could have severe demographic and genetic impacts on population structure 
(Aars & Ims 2000; Blundell et al. 2002; Prugnolle & de Meeus 2002) it should be taken into 
account in evolutionary models about dispersal. These models might also lead to predict the 
direction of SBD in a given species, especially for species without dispersal available data, 
could help for improving its conservation. Regarding on the prediction of the direction of SBD 
in order to improve conservation's plans, it seems easier to predict SBD using territoriality or 
parental care performance than mating systems. Indeed, we argued that it could be easier to see 
if males of a species are territorial or not (also if they performed parental care or not) because 
these life history traits are less unstable than mating systems (the major part of a species can be 
monogamous and some individuals can be bigamous). Moreover, although we found strong co-
evolution between SBD and life histories, we recommend increasing studies about SBD, 
especially in other taxonomic groups than mammals and birds. We build a phylogenetic tree 
from available data on SBD. The unbalanced number of species by taxonomic groups could be 
an important bias in our analyses, because species not include in our tree can either never show 
SBD or not have dispersal data available yet. Moreover, the consideration of male and female 
mating strategies in our analysis allowed a more detailed analysis of the impact of mating 
systems on SBD as compared to the standard male centered view (three mating system 
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categories: monogamy, polygynous or promiscuity mating systems) used in Greenwood 
(1980).  
 
 Our findings showed that it seems that the transitions between male or female bias in 
dispersal were relatively equal (Table 7) through time, suggesting that male or FBD strategies 
could not differ in their costs/benefits balance. The reconstruction of ancestral character reveals 
that the first state of SBD could be male-biased and that transitions from the MBD state to the 
FBD state was established at the Tetrapoda node (Fig. 2). Again, this analysis could be biased 
because our analysis have taken into account only species with a SBD identified nowadays. We 
then recommend increasing hugely studies about SBD, in particular in other groups than 
mammals and birds. 
   
Conclusion 
 
The evolutionary stable patterns of dispersal could result from equilibrium between sex-
specific evolutionary forces (Lawson Handley & Perrin 2007). In this vein, different sex-
specific life-history strategy components may be linked to dispersal which leads to differences 
in sex-specific dispersal rates. The direction of SBD and life history traits showed strong 
phylogenetic pattern among taxonomic groups. This result allowed us to use Bayesian 
comparative methods to infer for each node of the phylogeny the life-history trait's state 
through time. Altogether, our findings demonstrated an important role of the mating systems in 
the SBD evolution. However, the explanation of SBD only using mating systems of the species 
considered is often not sufficient, and need to include as key factors other life history traits 
linked to mating systems, because all life history traits playing a major role in the evolution of 
SBD were related to the mating systems. Indeed, we found that territoriality and parental care 
seemed to lead to philopatry. The presence of sexual dimorphism between sexes seemed also 
drive the direction of SBD. However, the prediction from life histories on the direction of SBD 
might be context dependent, and some factors as mate competition (related to the sex ratio) or 
sociality degrees could reverse the expectations of the traits on the direction of SBD. 
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Appendix 
Appendix 1: Species with sex-biased dispersal identified in the literature. Species were associated to several life-history traits: taxonomic group, 
mating system, sexual dimorphism (yes for present and no for absent), sociality (during the breeding season), territoriality (M: male territorial, F: 
female territorial, B: both territorial, No: not territorial), parental care (F: performed by female, M: performed by male, B: performed by both, No: 
no parental care), migratory species (yes or no), sex-biased identified (F: female bias and M: male bias) and the method used (1 for MRR or 
tracking method, 2 for genetic method and 3 for both).  
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Lithobates catesbeiana Amphibians Polygynous Yes Solitary M No No AmphibiaWeb 2011 F 2 Austin et al. 2003 
Lithobates sylvatica Amphibians Polygynous Yes Solitary M No No AmphibiaWeb 2011; Muths et al. 2005 F 1 Berven & Grudzien 1990 
Plethodon cinereus Amphibians Polygynous No Solitary B F No AmphibiaWeb 2011 M 2 Liebgold et al. 2011 
Rana temporaria Amphibians Promiscuous Yes Solitary M No Yes AmphibiaWeb 2011; Lodé & Lesbarrères 2004 F 2 Palo et al. 2004 
 
Accipiter gentilis Birds Monogamous Yes Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 1 Kenward et al. 1993 
Accipiter nisus Birds Monogamous Yes Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Newton & Marquiss 1983 
Acrocephalus arundinaceus Birds Monogamous No Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Hansson et al. 2003 
Acrocephalus arundinaceus Birds Monogamous No Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 2 Bensch & Hasselquist 1991 
Acrocephalus sechellensis Birds Polygynous No Cooperative breeding B B No 
Cornwallis et al. 2010; 
BirdGuides & CJ 
WildBird Food 2006 
F 1 Eikenaar et al. 2008 
Actitis macularius Birds Polyandrous Yes Solitary B B Yes BirdGuides & CJ WildBird Food 2006; M 1 Reed & Oring 1993 
191
  
Myers et al. 2008 
Aegolius funereus Birds Monogamous Yes Solitary M B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Korpimäki & Lagerström 1988 
Aegolius funereus Birds Monogamous Yes Solitary M B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Korpimäki et al. 1987 
Aegolius funereus Birds Monogamous Yes Solitary M B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Löfgren et al. 1986 
Agelaioides badius Birds Monogamous No Gregarious B B No Myers et al. 2008; Fraga 1991 F 1 Fraga 1991 
Alauda arvensis Birds Monogamous Yes Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Delius 1965 
Alophoixus pallidus Birds Monogamous No Cooperative breeding B B No Pierce et al. 2007 F 1 Sankamethawee et al. 2010 
Amazona auropalliata Birds Monogamous No Gregarious M B No Myers et al. 2008 M 2 Wright et al. 2005 
Aphelocoma coerulescens Birds Monogamous Yes Cooperative breeding B B No Cornwallis et al. 2010; Myers et al. 2008 F 1 
Woolfenden & 
Fitzpatrick 1984 
Athene cunicularia floridana Birds Monogamous No Gregarious B F Yes Myers et al. 2008 F 1 Millsap & Bear 1993 
Bonasa bonasia Birds Monogamous Yes Solitary M F No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 1 Fang & Sun 1997 
Bonasa umbellus Birds Polygynous No Gregarious B F No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Small & Rusch 1989 
Branta canadensis Birds Monogamous Yes Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 1 Lessells 1985 
Calidris alpina Birds Monogamous No Gregarious B B Yes BirdGuides & CJ WildBird Food 2006 F 1 Thorup 1999 
Calidris alpina Birds Monogamous No Gregarious B B Yes BirdGuides & CJ WildBird Food 2006 F 1 Jackson 1994 
Calidris mauri Birds Monogamous No Gregarious M B Yes BirdGuides & CJ WildBird Food 2006 F 1 Holmes 1971 
Calonectris d. diomedea Birds Monogamous No Gregarious No B Yes BirdGuides & CJ WildBird Food 2006 F 1 Thibault 1993 
Campylorhynchus 
brunneicapillus Birds Monogamous No Cooperative breeding B B No Myers et al. 2008 F 1 
Anderson & Anderson 
1973 
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Campylorhynchus nuchalis Birds Monogamous No Cooperative breeding M B No Cornwallis et al. 2010; Myers et al. 2008 F 1 Rabenold 1985 
Centrocercus urophasianus Birds Polygynous Yes Gregarious M F Yes Myers et al. 2008 F 1 Dunn & Braun 1985 
Charadrius alexandrinus Birds Monogamous No Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Paton & Edwards 1996 
Charadrius hiaticula Birds Monogamous No Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Jackson 1994 
Charadrius melodus Birds Monogamous No Gregarious B B Yes Myers et al. 2008 F 1 Wilcox 1959 
Charadrius melodus Birds Monogamous No Gregarious B B Yes Myers et al. 2008 M 1 Haig & Oring 1988 
Chen caerulescens atlantica Birds Monogamous No Gregarious B B Yes Myers et al. 2008 M 2 Lecomte et al. 2009 
Chen caerulescens Birds Monogamous Yes Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 1 Cooke et al. 1975 
Chen caerulescens Birds Monogamous Yes Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 1 Rockwell & Cooke 1977 
Chloris chloris Birds Monogamous Yes Solitary No B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 1 Greenwood & Harvey 1977 
Ciconia ciconia Birds Monogamous No Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Chernetsov et al. 2006 
Cinclus cinclus Birds Monogamous No Solitary B B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Tyler et al. 1990 
Circus aeruginosus Birds Monogamous Yes Solitary B B No BirdGuides & CJ WildBird Food 2006 M 1 Sternalski et al. 2008 
Corcorax melanorhamphos Birds Monogamous No Cooperative breeding B B No Cornwallis et al. 2010; Myers et al. 2008 M 2 Beck et al. 2008 
Corvus brachyrhynchos 
hesperis Birds Monogamous Yes Cooperative breeding B B Yes 
Cornwallis et al. 2010; 
Myers et al. 2008 M 1 Caffrey 1992 
Crotophaga sulcirostris Birds Monogamous No Cooperative breeding B B Yes Myers et al. 2008 F 1 Bowen et al. 1989 
Cyanocorax morio Birds Monogamous No Cooperative breeding B B Yes Cornwallis et al. 2010 M 1 Williams & Rabenold 2005 
Cygnus olor Birds Monogamous Yes Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Coleman & Minton 1979 
Cygnus olor Birds Monogamous Yes Gregarious B B Yes BirdGuides & CJ M 1 Collins 2002 
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WildBird Food 2006; 
Myers et al. 2008 
Dendragapus obscurus Birds Polygynous Yes Solitary B F Yes Myers et al. 2008 F 1 Jamieson & Zwickel 1983 
Dendroica caerulescens Birds Monogamous Yes Solitary M B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Holmes et al. 1996 
Dendroica kirtlandii Birds Polygynous Yes Solitary M B Yes Myers et al. 2008 F 1 Berger & Radabaugh 1968 
Dendroica petechia Birds Monogamous Yes Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 2 Gibbs et al. 2000 
Dolichonyx oryzivorus Birds Promiscuous Yes Gregarious M B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008; Martin 
1974 
F 1 Bollinger & Gavin 1989 
Dumetella carolinensis Birds Monogamous No Solitary B B Yes Myers et al. 2008 F 1 Darley et al. 1977 
Emberiza schoeniclus Birds Monogamous Yes Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Haukioja 1971 
Falcipennis canadensis Birds Polygynous Yes Solitary M F Yes Myers et al. 2008 F 1 Keppie & Towers 1992 
Falcipennis canadensis Birds Polygynous Yes Solitary M F Yes Myers et al. 2008 F 1 Beaudette & Keppie 1992 
Falco peregrinus Birds Monogamous Yes Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Mearns & Newton 1984 
Falco sparverius Birds Monogamous Yes Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Spitzerp et al. 1983 
Falco sparverius Birds Monogamous Yes Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Miller & Smallwood 1997 
Ficedula albicollis Birds Monogamous No Solitary M B Yes BirdGuides & CJ WildBird Food 2006 F 1 Pärt 1990 
Ficedula hypoleuca Birds Monogamous Yes Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Harvey et al. 1984 
Gymnorhina tibicen Birds Monogamous Yes Cooperative breeding B B No Cornwallis et al. 2010; Myers et al. 2008 M 1 Veltman & Carrick 1990 
Gymnorhinus cyanocephalus Birds Monogamous No Cooperative breeding No B No Myers et al. 2008 F 1 Marzluff & Balda 1989 
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Hylocichla mustelina Birds Monogamous No Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Roth & Johnson 1993 
Lagopus lagopus Birds Monogamous Yes Solitary M B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Martin & Hannon 1987 
Lagopus leucura Birds Monogamous Yes Solitary M F No Myers et al. 2008; Hoffman 2006 F 1 Giesen & Braun 1993 
Larus argentatus Birds Monogamous No Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Chabrzyk & Coulson 1976 
Lichenostomus melanops 
cassidix Birds Monogamous Yes Gregarious B B No Myers et al. 2008 F 1 Runciman et al. 1995 
Limosa l. limosa Birds Monogamous Yes Gregarious M B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Groen 1993 
Malurus cyaneus Birds Monogamous Yes Cooperative breeding B B No Cornwallis et al. 2010; Myers et al. 2008 F 1 Mulder 1995 
Malurus elegans Birds Monogamous Yes Cooperative breeding B B No Cornwallis et al. 2010; Myers et al. 2008 F 1 Rowley et al. 1988 
Malurus splendens Birds Promiscuous Yes Cooperative breeding B B No Cornwallis et al. 2010; Myers et al. 2008 F 1 Russell & Rowley 1993 
Manacus manacus Birds Polygynous Yes Solitary M F No Myers et al. 2008 F 1 Lill 1974 
Melanerpes formicivorus Birds Monogamous No Cooperative breeding B B Yes Cornwallis et al. 2010; Myers et al. 2008 F 1 Koenig & Mumme 1987 
Melospiza melodia Birds Monogamous No Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 1 Arcese 1989 
Morus bassanus Birds Monogamous No Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Nelson 1978 
Notiomystis cincta Birds Monogamous Yes Cooperative breeding M B No Low et al. 2011; Myers et 
al. 2008 F 1 Richardson et al. 2010 
Oenanthe oenanthe Birds Monogamous Yes Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 1 Brooke 1979 
Otis tarda Birds Polygynous Yes Gregarious M F Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 1 Alonso & Alonso 1992 
Parus caeruleus Birds Monogamous No Solitary B B No BirdGuides & CJ WildBird Food 2006; F 1 Zeh et al. 1985 
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Myers et al. 2008 
Parus major Birds Monogamous No Solitary B B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Dingemanse et al. 2003 
Parus major Birds Monogamous No Solitary B B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Greenwood et al. 1979 
Parus major Birds Monogamous No Solitary B B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Andreu & Barba 2006 
Parus major Birds Monogamous No Solitary B B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Harvey et al. 1979 
Parus palustris Birds Monogamous No Solitary B B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Nilsson 1989 
Passer domesticus Birds Monogamous Yes Gregarious B B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Fleischer et al. 1984 
Perisoreus infaustus Birds Monogamous No Cooperative breeding B B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 2 Li & Merilä 2010 
Petrochelidon pyrrhonota Birds Monogamous No Gregarious B B Yes BirdGuides & CJ WildBird Food 2006 F 1 Mayhew 1958 
Petronia petronia Birds Promiscuous No Solitary B B Yes BirdGuides & CJ WildBird Food 2006 M 2 Tavecchia et al. 2002 
Phalacrocorax aristotelis Birds Monogamous No Gregarious B B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Aebischer 1995 
Phalaropus lobatus Birds Polyandrous Yes Gregarious No M Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 1 Reynolds & Cooke 1988 
Philomachus pugnax Birds Polygynous Yes Solitary M F Yes BirdGuides & CJ WildBird Food 2006 F 1 Jaatinen et al. 2010 
Phoebastria immutabilis Birds Monogamous No Gregarious B B Yes Myers et al. 2008 F 1 Fisher 1971 
Phylloscopus trochilus Birds Polygynous No Solitary M B Yes BirdGuides & CJ WildBird Food 2006 F 1 Lawn 1982 
Pica pica Birds Monogamous No Solitary B B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Birkhead et al. 1986 
Pica pica Birds Monogamous No Solitary B B No BirdGuides & CJ F 1 Eden 1987 
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WildBird Food 2006; 
Myers et al. 2008 
Picoides borealis Birds Monogamous No Cooperative breeding B B No Cornwallis et al. 2010; Myers et al. 2008 F 1 Walters et al. 1992 
Porphyrio porphyrio 
melanotus Birds Monogamous No Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Craig & Jamieson 1988 
Puffinus puffinus Birds Monogamous No Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Harris 1960 
Pygoscelis adeliae Birds Monogamous No Gregarious M B Yes Myers et al. 2008 M 1 Ainley 1984 
Quiscalus major Birds Polygynous Yes Gregarious M F No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 1 Post et al. 1996 
Rissa tridactyla Birds Monogamous No Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Coulson & Nėve de Mėvergnies 1992 
Sayornis nigricans Birds Monogamous No Solitary B B Yes Myers et al. 2008 M 1 Wolf 1997 
Somateria mollissima Birds Monogamous Yes Gregarious B F Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 1 Kilpi et al. 2003 
Somateria mollissima Birds Monogamous Yes Gregarious B F Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Baillie & Milne 1989 
Stercorarius maccormicki Birds Monogamous No Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; Ritz 
et al. 2005 
F 1 Ainley et al. 1990 
Stercorarius maccormicki Birds Monogamous No Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; Ritz 
et al. 2005 
F 1 Pietz & Parmelee 1994 
Sula nebouxii Birds Monogamous No Gregarious M B Yes Myers et al. 2008 F 1 Osorio-Beristain & Drummond 1993 
Tadorna tadorna Birds Monogamous No Gregarious B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
M 1 Young 1970 
Tetrao tetrix Birds Promiscuous Yes Solitary M F No BirdGuides & CJ WildBird Food 2006 F 3 Lebigre et al. 2010 
Tetrao tetrix Birds Promiscuous Yes Solitary M F No BirdGuides & CJ WildBird Food 2006 F 1 
Caizergues & Ellison 
2002 
Tetrao tetrix Birds Promiscuous Yes Solitary M F No BirdGuides & CJ WildBird Food 2006 F 1 Warren & Baines 2002 
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Tetrao tetrix Birds Promiscuous Yes Solitary M F No BirdGuides & CJ WildBird Food 2006 F 2 Höglund et al. 1999 
Tetrao tetrix Birds Promiscuous Yes Solitary M F No BirdGuides & CJ WildBird Food 2006 F 2 Lebigre et al. 2008 
Tringa totanus Birds Monogamous No Gregarious No B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Jackson 1994 
Tringa totanus Birds Monogamous No Solitary No B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Thompson & Hale 1989 
Troglodytes aedon Birds Monogamous Yes Gregarious M B Yes Myers et al. 2008 F 1 Drilling & Thompson 1988 
Turdoides caudata Birds Polygynous No Gregarious B B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Gaston 1978 
Turdoides squamiceps Birds Monogamous 
 
No Cooperative breeding B B No 
Cornwallis et al. 2010; 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Zahavi 1974 
Turdus iliacus Birds Monogamous No Solitary B B Yes BirdGuides & CJ WildBird Food 2006 F 1 Bjerke & Espmark 1988 
Turdus merula Birds Monogamous Yes Solitary B B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Greenwood & Harvey 1976 
Tyrannus forficatus Birds Monogamous Yes Solitary B B Yes Myers et al. 2008 M 1 Regosin & Pruett-Jones 1995 
Zonotrichia leucophrys Birds Monogamous No Solitary M B Yes 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Baker & Mewaldt 1978 
Zonotrichia leucophrys 
nuttalli Birds Monogamous No Solitary M B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Petrinovich & Patterson 1982 
Zonotrichia leucophrys 
oriantha Birds Monogamous No Solitary M B No 
BirdGuides & CJ 
WildBird Food 2006; 
Myers et al. 2008 
F 1 Morton 1992 
 
Gasterosteus aculeatus Fishes Polygynous Yes Gregarious M M Yes Myers et al. 2008 M 2 Cano et al. 2008 
Salmo salar Fishes Promiscuous No Gregarious No No Yes 
Myers et al. 2008; 
Consuegra & Garcia de 
Leaniz 2007 
F 2 Consuegra & Garcia de Leániz 2007 
Salmo trutta Fishes Promiscuous No Solitary No No Yes Myers et al. 2008; M 2 Bekkevold et al. 2004 
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Consuegra & Garcia de 
Leaniz 2007 
Salvelinus fontinalis Fishes Monogamous No Solitary B No Yes 
Myers et al. 2008; 
Consuegra & Garcia de 
Leaniz 2007 
M 1 Fraser et al. 2004 
Salvelinus fontinalis Fishes Monogamous No Solitary B No Yes 
Myers et al. 2008; 
Consuegra & Garcia de 
Leaniz 2007 
M 2 Hutchings & Gerber 2002 
 
Akodon azarae Mammals Polygynous No Gregarious F F No Bonaventura et al. 1992; Myers et al. 2008 M 1 Cittadino et al. 1998 
Alouatta seniculus Mammals Polygynous Yes Gregarious No F No 
Komers & Brotherton 
1997; Gouzoules 1984; 
Myers et al. 2008; Lowen 
& Dunbar 1994 
F 2 Pope 2000 
Antechinus agilis Mammals Promiscuous Yes Gregarious M F No 
Sale et al. 2009; 
Kraaijeveld-Smit et al. 
2002; Naylor et al. 2008 
F 1 Davison & Ward 1998 
Antechinus minimus Mammals Polygynous Yes Solitary F F No Sale et al. 2009; Naylor et 
al. 2008 M 2 Sale et al. 2009 
Antechinus stuartii Mammals Polygynous Yes Solitary No F No Myers et al. 2008; Naylor 
et al. 2008 M 1 Fisher 2005 
Apodemus sylvaticus Mammals Polygynous No Solitary F F No Wolff & Sherman 2007; Myers et al. 2008 M 1 Kikkawa 1964 
Arvicola amphibius Mammals Promiscuous Yes Gregarious B B No Komers & Brotherton 1997; Myers et al. 2008 M 3 Telfer 2000 
Ateles paniscus Mammals Promiscuous Yes Gregarious M F No Myers et al. 2008 F 1 Symington 1987 
Brachyteles arachnoides Mammals Promiscuous Yes Gregarious B F No Myers et al. 2008; Lowen & Dunbar 1994 F 1 Strier & Ziegler 2000 
Canis latrans Mammals Monogamous Yes Cooperative breeding B B No 
Komers & Brotherton 
1997; Solomon & French 
1997; Myers et al. 2008 
F 1 Andrews & Boggess 1978 
Canis lupus Mammals Monogamous Yes Cooperative breeding B B No 
Komers & Brotherton 
1997; Solomon & French 
1997; Myers et al. 2008 
M 3 Lehman et al. 1992 
Canis lupus Mammals Monogamous Yes Cooperative breeding B B No 
Komers & Brotherton 
1997; Solomon & French 
1997; Myers et al. 2008 
M 1 Musiani et al. 2007 
Canis lupus Mammals Monogamous Yes Cooperative breeding B B No 
Komers & Brotherton 
1997; Solomon & French 
1997; Myers et al. 2008 
M 1 Mech 1987 
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Canis lupus Mammals Monogamous Yes Cooperative breeding B B No 
Komers & Brotherton 
1997; Solomon & French 
1997; Myers et al. 2008 
M 1 Gese & Mech 1991 
Cebus apella Mammals Polygynous Yes Gregarious No B No Myers et al. 2008; Lowen & Dunbar 1994 M 1 Izar 2004 
Cebus capucinus Mammals Promiscuous Yes Gregarious No B No Myers et al. 2008; Lowen & Dunbar 1994 M 1 Fedigan & Jack 2004 
Cercopithecus aethiops Mammals Promiscuous No Cooperative breeding B F No 
Flannery 1999-2011; 
Komers & Brotherton 
1997; Solomon & French 
1997; Gouzoules 1984; 
Lowen & Dunbar 1994 
M 1 Struhsaker 1967 
Cervus elaphus Mammals Polygynous Yes Cooperative breeding M F Yes Solomon & French 1997; Myers et al. 2008 M 3 Pérez-Espona et al. 2010 
Cervus elaphus Mammals Polygynous Yes Cooperative breeding M F Yes Solomon & French 1997; Myers et al. 2008 F 2 
Pérez-González & 
Carranza 2009 
Chaetodipus formosus Mammals Promiscuous No Solitary B F No Wolff & Sherman 2007; Myers et al. 2008 M 1 Maza et al. 1973 
Clethrionomys glareolus Mammals Promiscuous No Solitary B F No Wolff & Sherman 2007; Myers et al. 2008 M 1 Kikkawa 1964 
Colobus guereza Mammals Polygynous Yes Gregarious M B No 
Flannery 1999-2011; 
Myers et al. 2008; Lowen 
& Dunbar 1994 
M 2 Harris et al. 2009 
Crocidura russula Mammals Monogamous No Gregarious B B No Myers et al. 2008 F 2 Balloux et al. 1998 
Crocuta crocuta Mammals Polygynous Yes Cooperative breeding B F No 
Komers & Brotherton 
1997; Solomon & French 
1997; Myers et al. 2008 
M 1 Kruuk 1972 
Dipodomys spectabilis Mammals Promiscuous No Gregarious B B No Wolff & Sherman 2007; Myers et al. 2008 F 3 Waser et al. 2006 
Dipodomys spectabilis Mammals Promiscuous No Gregarious B B No Wolff & Sherman 2007; Myers et al. 2008 F 3 Busch et al. 2009 
Dipodomys spectabilis Mammals Promiscuous No Gregarious B B No Wolff & Sherman 2007; Myers et al. 2008 F 1 Jones 1987 
Equus caballus Mammals Polygynous No Gregarious M F No Myers et al. 2008 F 1 Monard & Duncan 1996 
Erethizon dorsatum Mammals Polygynous Yes Solitary B F No 
Komers & Brotherton 
1997; Wolff & Sherman 
2007; Myers et al. 2008 
F 1 Sweitzer & Berger 1998 
Eulemur fulvus rufus Mammals Promiscuous Yes Gregarious No F No Myers et al. 2008; Lowen & Dunbar 1994 M 2 
Wimmer & Kappeler 
2002 
Felis silvestris catus Mammals Polygynous Yes Cooperative breeding M F No Komers & Brotherton M 2 Devillard et al. 2004 
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1997; Solomon & French 
1997; Myers et al. 2008 
Gorilla gorilla gorilla Mammals Polygynous Yes Gregarious No F No 
Komers & Brotherton 
1997; Gouzoules 1984; 
Myers et al. 2008; Lowen 
& Dunbar 1994 
M 2 Melanie et al. 2007 
Homo sapiens Mammals Promiscuous Yes Gregarious B B Yes Myers et al. 2008 F 1 Towner 2002 
Lasiorhinus krefftii Mammals Polygynous No Solitary B F No 
Myers et al. 2008; 
Marshall Cavendish 
Corporation (2001)  
F 1 Johnson & Crossman 1991 
Lepus europaeus Mammals Polygynous No Gregarious No F No Komers & Brotherton 1997; Myers et al. 2008 M 1 Avril et al. 2011 
Lepus timidus hibernicus Mammals Polygynous Yes Gregarious No F No Komers & Brotherton 1997; Myers et al. 2008 M 3 Hamill et al. 2007 
Lontra canadensis Mammals Polygynous Yes Solitary B F No Myers et al. 2008; Weckerly 1998 M 3 Blundell et al. 2002 
Lophocebus albigena Mammals Polygynous Yes Gregarious No B No Flannery 1999-2011; Arlet 
et al. 2007 M 1 Olupot & Waser 2001 
Lycaon pictus Mammals Monogamous No Cooperative breeding No B No Myers et al. 2008; Komers & Brotherton 1997 M 1 McNutt 1996 
Lycaon pictus Mammals Monogamous No Cooperative breeding No B No Myers et al. 2008; Komers & Brotherton 1997 M 2 Girman et al. 2001 
Lynx lynx Mammals Polygynous Yes Solitary B F No Komers & Brotherton 1997; Myers et al. 2008 M 1 Zimmermann et al. 2005 
Lynx lynx Mammals Polygynous Yes Solitary B F No Komers & Brotherton 1997; Myers et al. 2008 M 1 Schmidt 1998 
Lynx rufus Mammals Promiscuous Yes Solitary B F No Komers & Brotherton 1997; Myers et al. 2008 M 3 Croteau et al. 2010 
Lynx rufus Mammals Promiscuous Yes Solitary B F No Komers & Brotherton 1997; Myers et al. 2008 M 2 Janecka et al. 2007 
Macaca fuscata Mammals Promiscuous Yes Gregarious No B No 
Flannery 1999-2011; 
Komers & Brotherton 
1997; Gouzoules 1984 
M 1 Sugiyama 1976 
Macaca sinica Mammals Promiscuous Yes Gregarious B F No 
Gouzoules 1984; Myers et 
al. 2008; Nekaris & de 
Silva Wijeyeratne 2009 
M 1 Dittus 1975 
Macaca sylvanus Mammals Promiscuous Yes Gregarious B F No 
Gouzoules 1984; Komers 
& Brotherton 1997; Myers 
et al. 2008; Solomon & 
French 1997 
M 1 Melnick & Pearl 1987 
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Macropus giganteus Mammals Polygynous Yes Cooperative breeding B B No Solomon & French 1997; Myers et al. 2008 M 2 Zenger et al. 2003 
Marmota flaviventris Mammals Polygynous Yes Gregarious M F No Wolff & Sherman 2007; Myers et al. 2008 M 1 Armitage 1974 
Marmota monax Mammals Polygynous Yes Solitary M F No Wolff & Sherman 2007; Myers et al. 2008 M 1 Bronson 1964 
Mephitis mephitis Mammals Polygynous No Solitary B F No Komers & Brotherton 1997; Myers et al. 2008 F 1 Bjorge et al. 1981 
Microcebus berthae Mammals Promiscuous Yes Solitary B F No Dammhahn & Kappeler 2005 M 3 
Dammhahn & Kappeler 
2005 
Microcebus murinus Mammals Promiscuous No Gregarious B F No 
Komers & Brotherton 
1997; Gouzoules 1984; 
Myers et al. 2008 
M 3 Fredsted et al. 2007 
Microcebus murinus Mammals Promiscuous No Gregarious B F No 
Komers & Brotherton 
1997; Gouzoules 1984; 
Myers et al. 2008 
M 2 Radespiel et al. 2003 
Microtus agrestis Mammals Polygynous Yes Gregarious B F No Komers & Brotherton 1997 M 1 Myllymaki 1977 
Microtus arvalis Mammals Polygynous No Gregarious B B No Gromov & Voznesenskaya 2009 F 2 Gauffre et al. 2009 
Microtus arvalis Mammals Polygynous No Gregarious B B No Gromov & Voznesenskaya 2009 M 2 Borkovska et al. 2010 
Microtus arvalis Mammals Polygynous No Gregarious B B No Gromov & Voznesenskaya 2009 M 2 
Ratkiewicz & 
Borkowska 2006 
Microtus ochrogaster Mammals Monogamous No Gregarious B B No 
Komers & Brotherton 
1997; Wolff & Sherman 
2007; Myers et al. 2008 
M 1 Myers & Krebs 1971 
Microtus oeconomus Mammals Polygynous Yes Gregarious B F No Wolff & Sherman 2007; Myers et al. 2008 M 1 
Gundersen & &reassen 
1998 
Microtus pennsylvanicus Mammals Promiscuous No Cooperative breeding B F No 
Komers & Brotherton 
1997; Solomon & French 
1997; Wolff & Sherman 
2007; Myers et al. 2008 
M 1 Bollinger et al. 1993 
Microtus pennsylvanicus Mammals Promiscuous No Cooperative breeding B F No 
Komers & Brotherton 
1997; Solomon & French 
1997; Wolff & Sherman 
2007; Myers et al. 2008 
M 2 Myers & Krebs 1971 
Mus musculus Mammals Polygynous No Cooperative breeding B F No 
Komers & Brotherton 
1997; Solomon & French 
1997; Myers et al. 2008 
M 1 Rowe et al. 1963 
Mus musculus Mammals Polygynous No Cooperative breeding B F No Komers & Brotherton F 1 Myers 1974 
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1997; Solomon & French 
1997; Myers et al. 2008 
Mus musculus Mammals Polygynous No Cooperative breeding B F No 
Komers & Brotherton 
1997; Solomon & French 
1997; Myers et al. 2008 
M 1 Lidicker 1976 
Mustela erminea Mammals Promiscuous Yes Solitary B F No Komers & Brotherton 1997; Myers et al. 2008 M 1 Erlinge 1977 
Myotis bechsteinii Mammals Promiscuous No Mixed No F No Kerth et al. 2002 M 2 Kerth et al. 2002 
Ochotona princeps Mammals Monogamous Yes Solitary B F No Myers et al. 2008 F 1 Smith 1974 
Odocoileus virginianus Mammals Polygynous Yes Solitary No F No Myers et al. 2008 M 1 Nixon & Mankin 2007 
Odocoileus virginianus Mammals Polygynous Yes Solitary No F No Myers et al. 2008 M 1 Nelson 1993 
Otolemur crassicaudatus Mammals Polygynous Yes Gregarious M F No 
Komers & Brotherton 
1997; Gouzoules 1984; 
Myers et al. 2008 
M 1 Clark 1978 
Pan paniscus Mammals Promiscuous Yes Gregarious B B No Myers et al. 2008 F 2 Eriksson et al. 2006 
Panthera leo Mammals Polygynous Yes Cooperative breeding B B No 
Komers & Brotherton 
1997; Solomon & French 
1997; Myers et al. 2008 
M 1 Pusey & Packer 1987 
Papio hamadryas Mammals Polygynous Yes Gregarious B B No 
Komers & Brotherton 
1997; Gouzoules 1984; 
Myers et al. 2008 
F 2 Hammond et al. 2006 
Pecari tajacu Mammals Promiscuous No Gregarious B B No Myers et al. 2008; Cooper 
et al. 2011 M 2 Cooper et al. 2010a 
Pecari tajacu Mammals Promiscuous No Gregarious B B No Myers et al. 2008; Cooper 
et al. 2011 M 2 Cooper et al. 2010b 
Peromyscus californicus Mammals Monogamous Yes Gregarious B B No 
Komers & Brotherton 
1997; Wolff & Sherman 
2007; Myers et al. 2008 
F 1 Ribble 1992 
Peromyscus maniculatus Mammals Promiscuous No Solitary B F No 
Komers & Brotherton 
1997; Wolff & Sherman 
2007; Myers et al. 2008 
M 1 Howard 1960 
Phaner furcifer Mammals Monogamous No Solitary B B No Myers et al. 2008 M 1 Schülke 2003 
Phocoenoides dalli Mammals Polygynous No Gregarious No F Yes Myers et al. 2008 M 2 Escorza Trevino & Dizon 2000 
Physeter macrocephalus Mammals Polygynous Yes Cooperative breeding No F No Myers et al. 2008; Solomon & French 1997 M 2 Lyrholm et al. 1999 
Potos flavus Mammals Promiscuous Yes Solitary B F No Myers et al. 2008 F 3 Kays et al. 2000 
Procolobus badius Mammals Promiscuous Yes Gregarious No F No 
Flannery 1999-2011; 
Gouzoules 1984; Myers et 
al. 2008; Lowen & Dunbar 
F 1 Crockett 1984 
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1994 
Procyon lotor Mammals Promiscuous Yes Solitary B F No Komers & Brotherton 1997; Myers et al. 2008 M 1 Fritzell 1978 
Pteromys volans Mammals Promiscuous No Solitary B F No Myers et al. 2008; Koskimäki 2011 F 1 Selonen et al. 2010 
Pteromys volans Mammals Promiscuous No Solitary B F No Myers et al. 2008 F 2 Hanski & Selonen 2009 
Puma concolor Mammals Polygynous Yes Solitary B F No Komers & Brotherton 1997; Myers et al. 2008 M 2 Ross & Jalkotzy 1992 
Puma concolor Mammals Polygynous Yes Solitary M F Yes Myers et al. 2008 M 1 Biek et al. 2006 
Saccopteryx bilineata Mammals Promiscuous Yes Gregarious M F No Myers et al. 2008 F 1 McCracken 1984 
Saccopteryx bilineata Mammals Promiscuous Yes Gregarious M F No Yannic et al. 2010; Myers 
et al. 2008 F 2 
Davidson & Wilkinson 
2004 
Sorex antinorii Mammals Promiscuous No Solitary B F No 
Myers et al. 2008; Wolff 
& Sherman 2007; 
Holekamp 1986 
F 2 Fivaz et al. 2003 
Spermophilus beldingi Mammals Polygynous No Gregarious B F No 
Myers et al. 2008; Wolff 
& Sherman 2007; Festa-
Bianchet & Boag 1982 
M 1 Sherman 1977 
Spermophilus columbianus Mammals Polygynous No Gregarious B F No Myers et al. 2008; Koskimäki 2011 M 1 Neuhaus 2006 
Spermophilus richardsonii Mammals Polygynous No Gregarious B F No 
Myers et al. 2008; Wolff 
& Sherman 2007; Yeaton 
1972 
M 1 Mitchener & Mitchener 1977 
Spermophilus tereticaudus Mammals Polygynous No Gregarious B F No Myers et al. 2008; Wolff & Sherman 2007 M 1 Dunford 1977 
Spermophilus 
tridecemlineatus Mammals Polygynous No Gregarious B F No 
Myers et al. 2008; Wolff 
& Sherman 2007 M 1 Rongstad 1965 
Tamias striatus Mammals Polygynous No Solitary B F No 
Komers & Brotherton 
1997; Wolff & Sherman 
2007; Myers et al. 2008 
M 1 Chambers & Garant 2010 
Tamias striatus Mammals Polygynous No Solitary B F No 
Komers & Brotherton 
1997; Wolff & Sherman 
2007; Myers et al. 2008 
M 2 Loew 1999 
Tarsius tarsier Mammals Monogamous No Gregarious B F No 
Flannery 1999-2011; 
Komers & Brotherton 
1997; Myers et al. 2008 
M 1 Gursky 2009 
Taxidea taxus Mammals Polygynous Yes Solitary B F No Komers & Brotherton 1997; Myers et al. 2008 M 1 Lindzey 1978 
Trachypithecus vetulus Mammals Polygynous No Solitary B F No Flannery 1999-2011; Gouzoules 1984; Nekaris M 1 Johnson et al. 2001 
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& de Silva Wijeyeratne 
2009 
Tscherskia triton Mammals Promiscuous No Solitary B F No Song et al. 2005; Zhang et 
al. 2001 M 2 Song et al. 2005 
Tupaia tana Mammals Monogamous No Solitary B F No Myers et al. 2008 F 2 Munshi-South 2008 
Tursiops aduncus Mammals Promiscuous Yes Cooperative breeding B F Yes Myers et al. 2008 M 2 Möller & Beheregaray 2004 
Ursus americanus Mammals Polygynous Yes Solitary B F No Komers & Brotherton 1997; Myers et al. 2008 M 1 Costello et al. 2008 
Ursus americanus Mammals Polygynous Yes Solitary B F No Komers & Brotherton 1997; Myers et al. 2008 M 2 Rogers 1987 
Ursus arctos Mammals Polygynous Yes Solitary B F Yes Komers & Brotherton 1997; Myers et al. 2008 M 1 McLellan & Hovey 2001 
Ursus arctos Mammals Polygynous Yes Solitary B F Yes Komers & Brotherton 1997; Myers et al. 2008 M 1 Glenn & Miller 1980 
Vombatus ursinus Mammals Polygynous No Gregarious B F No Myers et al. 2008 F 2 Banks et al. 2002 
Vulpes vulpes Mammals Monogamous Yes Cooperative breeding B B No 
Komers & Brotherton 
1997; Solomon & French 
1997; Myers et al. 2008 
M 1 Gachot-Neveu et al. 2009 
Vulpes vulpes Mammals Monogamous Yes Cooperative breeding B B No 
Komers & Brotherton 
1997; Solomon & French 
1997; Myers et al. 2008 
M 2 Storm et al. 1976 
 
Amblyrhynchus cristatus Reptiles Polygynous Yes Gregarious B No No 
Myers et al. 2008; Oxford 
& Horwell 2005; Wikelski 
et al. 1996 
M 2 Rassmann et al. 1997 
Anolis roquet Reptiles Polygynous Yes Solitary B No No 
Schwartz & Henderson 
1991; Johansson et al. 
2008; Thorpe & Stenson 
2003 
M 2 Johansson et al. 2008 
Anolis sagrei Reptiles Polygynous Yes Gregarious B No No 
Schwartz & Henderson 
1991; Johansson et al. 
2008; Myers et al. 2008 
M 1 Calsbeek 2009 
Boa constrictor occidentalis Reptiles Promiscuous Yes Solitary B No No Myers et al. 2008 M 2 Rivera et al. 2006 
Caretta caretta Reptiles Promiscuous Yes Solitary B No Yes Myers et al. 2008; Ernst & Lovich 2009 M 2 Casale et al. 2002 
Caretta caretta Reptiles Promiscuous Yes Solitary B No Yes Myers et al. 2008; Ernst & Lovich 2009 M 2 Bowen et al. 2005 
Chlamydosaurus kingii Reptiles Polygynous No Gregarious M No No Myers et al. 2008 M 3 Ujvari et al. 2008 
Coronella austriaca Reptiles Polygynous Yes Solitary B No No Pernetta et al. 2011 M 2 Pernetta et al. 2011 
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Crocodylus johnstoni Reptiles Polygynous Yes Gregarious M F No Myers et al. 2008; Tucker 
et al. 1998 M 1 Tucker et al. 1998 
Egernia cunninghami Reptiles Monogamous Yes Gregarious B No No Stow & Sunnucks 2004 M 2 Stow et al. 2001 
Egernia stokesii Reptiles Monogamous Yes Gregarious B No No Gardner et al. 2002; Duffield & Bull 2002 M 2 Gardner et al. 2001 
Lacerta agilis Reptiles Promiscuous Yes Solitary B No No Olsson & Madsen 2001 M 1 Olsson et al. 1996 
Malaclemys terrapin Reptiles Promiscuous Yes Gregarious B No No Myers et al. 2008; Sheridan 2010 F 3 Sheridan et al. 2010 
Niveoscincus microlepidotus Reptiles Promiscuous Yes Gregarious No B No Olsson & Shine 2003; Olsson et al. 2005 M 1 Olsson & Shine 2003 
Zootoca vivipara Reptiles Promiscuous Yes Gregarious M No No Laloi et al. 2004; Fitze et 
al. 2010 M 1 Massot & Clobert 2000 
 
Anoplophora glabripennis Arthropods Polyandrous Yes Solitary M No No Myers et al. 2008 F 1 Smith et al. 2004 
Calopteryx splendens Arthropods Polygynous Yes Gregarious M No No Svensson et al. 2004; Chaput-Bardy et al. 2010 M 1 Chaput-Bardy et al. 2010 
Limulus polyphemus Arthropods Promiscuous Yes Solitary M No Yes Mattei et al. 2010; Höglund & Alatalo 1995 M 2 King et al. 2005 
Lucanus cervus Arthropods Monogamous Yes Gregarious M No No Huerta & Rodríguez 1988 M 1 Ranius 2006 
Pieris brassicae Arthropods Monogamous Yes Solitary B No Yes Bissoondath & Wiklund 1996 F 1 Legrand et al. in prep. 
Proclossiana eunomia Arthropods Polygynous No Solitary No No Yes Baguette et al. 1998; Baguette et al. 1996 F 1 Baguette et al. 1998 
Sancassania berlesei Arthropods Promiscuous Yes Solitary M No No Radwan & Rysińska 1999; Łukasik et al. 2006 M 1 Bowler & Benton 2009 
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Appendix 2: Definition of life history traits used in our analysis depending on taxonomic groups (amphibians: N=4; arthropods: N=7; birds: 
N=100; fishes: N=4; mammals: N=87; reptiles: N=14). 
Mating system* 
Structuration of sexual behaviour relationships during the breeding season. We recorded 4 different types of mating systems through all 
taxonomic groups: 
- monogamy when a male and a female have an exclusive mating relationship; 
- polygyny when a male has mating relationships with several females; 
- polyandry when a female has mating relationships with several males; 
- promiscuity when a member of one sex has mating relationships with any member of the opposite sex. 
Among taxonomic groups, polygyny and promiscuity are the most common mating systems, even if monogamy is often observed in birds 
(Emlen & Oring 1977; Greenwood 1980).  
Colour sexual 
dimorphism 
Difference in ornamentation (coloration) between sexes. In general, males are more coloured than females in many non-monogamous 
species (Johnsen et al. 2003). This phenotypic difference in ornamentation is often explained by sexual selection. Males have higher benefit 
to mate with several females, contrary to females. Therefore, males have developed several traits, different to females, in order to attract 
females and increase their chance to mate with some of them (Futuyma 2005). In quite rare polyandrous species (for example Phalaropus 
lobatus), where females try to have several mating relationships, we also observed females more coloured than males. 
Size sexual 
dimorphism 
Difference in size (length of tail, size of head or body size) between sexes. In amphibians and reptiles, females are generally bigger than 
males. This difference may be caused by natural selection of a large female size due to a fecundity advantage. In other non-monogamous 
species, males are often bigger than females. This phenotypic difference in size is often explained by sexual selection. Males have higher 
benefit to mate with several females, contrary to females. Therefore, males have developed several traits, different to females, in order to 
attract females and increase their chance to mate with some of them (Futuyma 2005). Additionally, bigger males can also be more effective 
in territory or females defence (male advantage; Futuyma 2005). 
Sociality 
A social species is often defined as a species for which individuals are highly interactive with the other members of the group. Sociality 
could be a high advantage for species (anti-predator strategies, help for parental care, group's defence...). We recorded a social species when 
interactive behaviours were observed during the breeding season between males and females because most of species could be solitary out of 
the breeding season and that we choose to take into account life-histories inducing interactions between males and females. Sociality can 
highly varies among taxonomic groups, from few interactions between males and females during the breeding season to a high social 
structure as the one of eusocial organisms [for example some social insects (Gronenberg & Riveros 2009) or the naked mole rat (Jarvis 
1981)]. This extreme form of sociality was recorded in another variable named cooperation because this social pattern can lead to very 
different benefits and costs for individuals.  
Cooperation 
Cooperation is the extreme form of sociality. This behaviour is often defined as a social system in which individuals (named the helpers) will 
contribute care to young that could be not their own (Gilchrist 2006). Some species from arthropods, birds or mammals showed this 
particular pattern. These species can exhibit several specific behaviours as cooperative parental care, cooperative foraging or hunting, 
cooperative defence from predators and also social learning. Although this behaviour is very advantageous (Kokko et al. 2001), the energy 
expended for raising the young of another individual is also very costly (Cornwallis et al. 2010). 
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Territoriality 
Territoriality can serve individuals to defend their nest, den, sexual partners, mating sites or high quality resources sites needed for 
themselves or their young. We recorded species for which individuals develop a territorial behaviour (by scent markings or fighting) during 
the breeding season (Johnson 1973). Invertebrates also show territoriality (Stimson 1969). 
Parental care 
Parental care is defined as any behaviour of parents for increasing the fitness of their young. In most species, females are often the only sex 
to perform parental care. However in birds, parental care in males is quite common. Among taxonomic groups, parental care can have 
several forms: preparation of the nest, care of eggs, care of young, protection and defence of young. Categorize the different forms of 
parental care between taxonomic groups seems very difficult, because the difference of degree in this life history traits (from the transport 
and defend eggs in amphibians to lactation and protection of young during several years in mammals). Additionally, the development of 
eggs or offspring inside the female's body (ovoviviparity and viviparity) could also be supposed as parental care, which is a trait common in 
all mammals (and occur in approximately 71% of the amphibian families and in 56% of reptiles families; Gonzalez-Voyer & Kolm 2010) . 
In mammals, 5% of species showed a biparental care (Gonzalez-Voyer & Kolm 2010) whereas in birds, 90% of the species present care by 
both parents. However, egg or young guarding is quite rare. We recorded a sex performing parental care when the sex has behaviour to 
increase the fitness of its offspring.  
Migration 
Migratory behaviours are often defined as long-distance movement of individuals. But contrary to dispersal, migration can not lead to gene 
flow (Ronce 2007). This is a bidirectional movement, from a breeding site to a winter site for example; whereas dispersal movements are 
unidirectional displacement (could induce gene flow; Semlitsch 2008). Migratory behaviours are also related to seasonal 'to-and-fro' 
movement of a population between two areas (Aidley 1981).  
* For some species and traits, trait state varies among individuals. For example, most individuals of a given species can be monogamous while a minority is polygamous. 
In these cases, we attributed to the species the state of the life history trait corresponds to the majority of the individuals (the mating system would be ‘monogamy’ in the 
previous example).  
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Appendix 3: Phylogenetic tress showing reconstructions of ancestral characters for each life history traits used in our analyses. Blue branches 
and tips refer to a state of 1 and red branches and tips refer to a state of 0 (see Table 1 for details on categories traits). (a) Mating systems of 
males (state 1 (blue): males are polygamous; polygynous or promiscuous mating systems); (b) Mating systems of females (state 1 (blue): females 
are polygamous; polyandrous or promiscuous mating systems); (c) Sexual dimorphism in colour in males (state 1 (blue): males are much 
coloured than females); (d) Sexual dimorphism in colour in females (state 1 (blue): females are much coloured than males); (e) Sexual 
dimorphism in size in males (state 1 (blue): males are bigger than females); (f) Sexual dimorphism in size in females (state 1 (blue): females are 
bigger than males); (g) Territoriality in males (state 1 (blue): males are territorial); (h) Territoriality in females (state 1 (blue): females are 
territorial); (i) Parental care in males (state 1 (blue): males performed parental); (j) Parental care in females (state 1 (blue): females performed 
parental); (k) Sociality in males (state 1 (blue): males are social); (l) Sociality in females (state 1 (blue): females are social); (m) Cooperative 
breeding in males (state 1 (blue): males performed cooperative breeding); (n) Cooperative breeding in females (state 1 (blue): females performed 
cooperative breeding); (o) Migration (state 1 (blue): migratory species).  
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Chapitre 4 : Sexe et dispersion 
Conclusion 
Dans les Chapitres 3 et 4, nous avons vu que le phénotype des individus est un facteur 
déterminant dans la décision et le comportement de dispersion (dispersion phénotype-
dépendante). Cependant, les facteurs externes (populationnels ou environnementaux) peuvent 
également avoir un impact sur les traits individuels, comme certains comportements. Par 
exemple, lorsque la densité de population augmente, l'agressivité des individus peut augmenter, 
due à une forte compétition intraspécifique. L'importance que ces facteurs vont avoir sur les 
individus va dépendre des espèces et de leurs traits d'histoire de vie et également de comment 
les individus interagissent avec leur environnement (Bowler & Benton 2005). De plus, ces 
facteurs externes peuvent montrer des variations spatio-temporelles, engendrant des 
modifications en terme de bénéfices et de coûts à la dispersion en fonction du moment où les 
individus vont disperser, et vont également impacter les individus de façon différente. Il existe 
donc un lien direct entre les facteurs externes et la dispersion, via les modifications que ces 
paramètres vont avoir sur les individus eux-mêmes (Fig. 4.1). Dans le Chapitre 5, les effets 
combinés de deux facteurs externes sur la dispersion seront étudiés, en relation également avec 
le phénotype des individus. 
 
Variation spatio-temporelle 
de la fitness
Sélection pour la dispersion
Stratégie de dispersion (fixe ou 
condition dépendante)
Dynamique des 
populations
Etat 
environnemental
Dynamique des 
populations
Stratégie de 
dispersion
Ressources
Interactions entre 
apparentés
Interactions entre 
non apparentés
 
Figure 4.1. (A) Boucle de l'évolution affectant la dispersion. La dispersion impacte la 
dynamique des populations qui en retour impacte la fitness des individus (parmi d'autres 
facteurs). Les variations de fitness créent des opportunités pour la sélection, ayant pour 
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conséquence l'évolution des stratégies de dispersion. (B) Boucle écologique affectant la 
dispersion. La taille de la population, contrôlée par l'environnement (et qui varie dans l'espace 
et le temps) détermine les interactions entre les individus (apparentés ou non) pour les 
ressources. L'accès aux ressources peut affecter les traits d'histoire de vie des individus (leur 
survie en cas de forte compétition, leur fécondité,...) et leur probabilité de décider de disperser. 
La dispersion, en retour, affecte la dynamique des populations. Schéma provenant de Bower & 
Benton 2005. 
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Chapitre 5  
Facteurs externes : Comment la qualité de l'habitat et la 
densité de populations influencent-ils la dispersion ?  
 Introduction 
 
La dispersion est un comportement soumis à de nombreux facteurs, qu’ils soient internes (traits 
d’histoire de vie, sexe) ou externes (environnementaux). La dispersion peut notamment être 
une réponse des individus face à une dégradation de l'habitat (augmentation de la prédation ou 
du parasitisme, diminution du nombre de partenaires sexuels, augmentation de la compétition, 
changement de paramètres abiotiques, Clobert et al. 2009). En particulier, la qualité de 
l’habitat, faisant référence aux ressources présentes dans le patch, est un facteur influençant la 
dispersion (notamment durant la phase de départ du patch ; Ehlinger 1990; Mabry & Stamps 
2008; Verhulst et al. 1997; Table 3.1). Ces facteurs peuvent avoir une influence plus ou moins 
forte en fonction du sexe et de l'âge des individus. De plus, ces facteurs ne montrent pas la 
même hétérogénéité spatiale. Par exemple, la quantité des ressources environnementales peut 
varier en fonction du temps, et engendrer une compétition plus ou moins forte entre les 
individus. Les bénéfices relatifs à la dispersion phénotype-dépendante sont donc fortement 
influencés par la variation temporelle des différents facteurs externes affectant le 
comportement de dispersion. Cela sous-entend que les individus confrontés à ces facteurs vont 
montrer des capacités de dispersion ainsi que des adaptations phénotypiques différentes. Par 
exemple, l'évitement de la compétition entre apparentés ou l'évitement de la consanguinité peut 
s'effectuer en se déplaçant sur de courtes distances alors que l'évitement de la compétition pour 
les ressources peut engendrer de la dispersion à plus longue distance, afin de trouver un 
nouveau patch d'habitat favorable (Stenseth & Lidicker 1992). Cependant, cette tendance peut 
également être inversée dans le cas des espèces grégaires, pour lesquelles la présence des 
congénères peut être synonyme de coopération pour l’élevage des jeunes par exemple. 
L’existence de stratégies de dispersion et de sélection de l’habitat dépendant directement des 
conditions environnementales est donc favorisée dans les environnements présentant une forte 
224
variabilité temporelle et spatiale non prédictible. Ce résultat a été confirmé empiriquement et 
au moyen de modèles théoriques (Ferrière et al. 2000 ; Ims & Hjermann 2001). 
 
 Du fait de la complexité des combinaisons de facteurs pouvant influencer la dispersion, 
et dans le cas d’une dispersion condition dépendante, il devient nécessaire d’étudier la réaction 
de chaque génotype face à son environnement. En effet, il est fort possible qu’un génotype 
particulier puisse exprimer différents phénotypes dans différents environnements (processus 
appelé plasticité phénotypique). La caractérisation de cette plasticité phénotypique et donc la 
compréhension de l'évolution de la dispersion passe donc par la description des normes de 
réaction de dispersion. La norme de réaction est la fonction qui relie les environnements 
auxquels un génotype particulier peut être confronté et les phénotypes qui peuvent être produits 
par ce génotype. Par conséquent, ces normes de réactions apportent des informations majeures 
concernant l’interaction des effets génotype*environnement. En étudiant l’impact de la 
variation d’un paramètre environnemental sur les traits d’un génotype particulier, on peut 
mesurer l’effet de ce facteur sur le phénotype des individus. Les normes de réaction 
caractérisent donc toute la palette de comportements (comme la dispersion) d'un génotype 
donné le long d'un gradient environnemental. La dispersion condition-dépendante et la 
plasticité de la dispersion phénotype-dépendante sont ainsi susceptibles d'évoluer dans un large 
éventail de conditions écologiques (Bowler & Benton 2005). 
 
 De nombreux facteurs externes motivant la dispersion ont effectivement été étudiés 
(Table 5.1) et les plus documentés sont la qualité d'habitat (Ehlinger 1990; Garant et al. 2005; 
Hedin 2003; Spinks et al. 2000) et la densité de population. Ce dernier facteur peut soit 
engendrer de la compétition entre apparentés (Kawata 1987; Le Galliard et al. 2003; Moore et 
al. 2006) ou de la compétition entre conspécifiques (Bowler & Benton 2005; Clobert et al. 
2001), soit être caractérisé comme étant une information de bonne qualité d’habitat. La densité 
de population peut donc être à l’origine soit d’une réduction de la dispersion dans le cas où la 
densité de population est un proxy de la qualité de l’habitat (les bénéfices de la philopatrie sont 
plus importants que ceux de la dispersion) soit être un facteur motivant la dispersion dans le 
cas où ce facteur est une mesure de forte compétition intraspécifique. Dans les deux cas, on 
parle de dispersion densité-dépendante, montrant une relation soit négative (Gilbert & Singer 
1973; Kuussaari et al. 1996, 1998) soit positive (Baguette et al. 1996, 1998; Enfjäll & Leimar 
2005; Nowicki & Vrabec 2011; Odendaal et al. 1989; Shapiro 1970) avec la densité de 
population, déjà mise en évidence chez de nombreuses espèces (Table 5.1). 
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 De fortes densité d'apparentés ou de conspécifiques pouvant mener à de fortes 
compétitions entre les individus, notamment pour l'accès à la reproduction, ont également été 
identifiées comme étant des facteurs influençant la dispersion chez de nombreuses espèces 
(Table 3.1). Pendant la phase de transfert, l'évitement de la consanguinité peut influer la 
dispersion des individus. Par exemple, Lambin (1994) a montré chez le campagnol de Towsend 
(Microtus townsendii) que l'évitement de la consanguinité pouvait être responsable d'une 
direction opposée entre les mâles et les femelles durant l'étape de transfert. Ces facteurs vont 
donc avoir une influence sur la décision de disperser chez les individus (à partir du patch 
d'habitat initial) mais vont aussi avoir un effet sur la future stratégie d'établissement dans un 
nouveau patch des individus dispersants (Clobert et al. 2009). Pour illustrer cette hypothèse, 
Stamps (2006) démontre que des dispersants nés dans un patch d'habitat de bonne qualité sont 
plus susceptibles de s'installer dans un patch d'habitat de bonne qualité que les dispersants issus 
de patch de mauvaise qualité. Ce scenario fait référence à l' "effet cuillère en argent" (silver 
spoon effect), en rapport avec l'expression "être né avec une cuillère en argent dans la bouche". 
Ce comportement a été observé chez l'huîtrier pie (Haematopus ostralegus) où les individus 
nés dans des habitats de mauvaise qualité étaient plus susceptibles de s'établir sur des territoires 
de mauvaise qualité (Heg 1999; Van de Pol et al. 2006). Cela peut s'expliquer par le fait que 
dans les habitats de mauvaise qualité, la compétition pour les ressources peut y être moins 
forte. 
 
 Hormis l’impact que la densité de population peut avoir sur la dispersion des individus, 
on peut s’attendre à ce que la densité de mâles et de femelles (i.e. le sexe ratio) ait également 
une conséquence majeure sur le comportement de dispersion des deux sexes. Cette influence 
sur la dispersion des sexes pourrait être relative aux compétitions entre apparentés et entre 
congénères, surtout si les sexes ne sont pas à égalité compétitive pour l’accès à la reproduction. 
Ainsi, en fonction des intérêts sexuels de chacun des deux sexes (confit sexuel, voir Chapitre 
4), on peut s'attendre à ce que les pressions de la densité de population à sexe ratio équilibré et 
déséquilibré agissent différemment sur la dispersion des mâles et des femelles. Par exemple, 
dans le cas d’une population biaisée en faveur des mâles, la disponibilité des femelles pour 
l'accès à la reproduction des mâles serait limitée, engendrant de la compétition entre mâles et 
étant un moteur majeur de la dispersion de ce derniers. 
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Table 5.1. Exemples de facteurs externes (densité de population, sexe ratio, qualité d'habitat) ayant une influence sur la dispersion 
dans plusieurs groupes taxonomiques. Dans certains cas, les facteurs externes vont dans un premier lieu affecté la condition des 
individus (les rendre plus agressifs par exemple) et engendrer ainsi leur dispersion.  
Groupe 
taxonomique  Facteurs externes Groupe d'espèces ou espèce Références 
Mammifères 
Facteurs 
populationnels 
Compétition entre apparentés 
(évitement de la consanguinité)  
Ours noir (Ursus americanus) (1) 
Campagnol à dos roux (Clethrionomys 
rufocanus bedfordiae) (2) 
Compétition intraspécifique 
(densité de conspécifiques) 
Musaraigne commune (Sorex araneus) (5) 
Campagnol des prés (Microtus 
pennsylvanicus) et campagnol des prairies 
(Microtus ochrogaster) 
(6) 
Facteurs 
environnementaux Qualité d'habitat 
Rat-taupe nu (Heterocephalus glaber) (9) 
Souris pinceau (Peromyscus boylii) (12) 
Ecureuil roux (Tamiasciurus hudsonicus) (13) 
   Chevreuil (Capreolus capreolus) (32) 
 
Reptiles Facteurs populationnels 
Compétition entre apparentés 
(évitement de la consanguinité) Lézard vivipare (Zootoca vivipara) (3) 
Densité de population 
(densité de conspécifiques) Lézard vivipare (Zootoca vivipara) (14) 
Densité de partenaires sexuels 
(sexe ratio) Lézard vivipare (Zootoca vivipara) (30) 
 
Insectes Facteurs populationnels 
Compétition entre apparentés 
(évitement de la consanguinité) Guêpe (Platyscapa awekei) (4) 
Compétition intraspécifique 
(densité de conspécifiques) 
Longicorne de l'Asclépiade (Tetraopes 
tetraophthalmus) (7) 
Damier d'Edith (Euphydryas editha) (18) 
Damier du plantain (Melitaea cinxia) (19, 20, 24) 
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Papillons (21) 
Azuré des paluds (Maculinea nausithous) 
et azuré de la sanguisorbe (Maculinea 
teleius)  
(25) 
Densité de partenaires sexuels 
(sexe ratio) 
Nacré de la bistorte (Proclossiana 
eunomia) (22, 23) 
Gerris (Aquarius remigis) (26) 
Longicorne de l'Asclépiade (Tetraopes 
tetraophthalmus) (27, 28) 
Monarque (Danaus plexippus) (29) 
Facteurs 
environnementaux Qualité d'habitat 
Scarabée pique-prune (Osmoderma 
eremita) (17) 
 
Oiseaux 
Facteurs 
populationnels 
Compétition intraspécifique 
(densité de conspécifiques) 
Hirondelle à front blanc (Petrochelidon 
pyrrhonota) (8) 
Facteurs 
environnementaux Qualité d'habitat 
Mésange charbonnière (Parus major) (10) 
Mésange charbonnière (Parus major) (15) 
Paruline flamboyante (Setophaga 
ruticilla) (16) 
 
Poissons 
Facteurs 
environnementaux Qualité d'habitat Carpet arlequin (Lepomis macrochirus) (11) 
Facteurs 
populationnels Prédation Truite mouchetée (Salvelinus fontinalis) (31) 
Les espèces végétales ne sont pas incluses dans la liste présentée ci-dessus. 
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  Dans ce chapitre, les effets combinés de la densité de population et de la qualité 
d'habitat sur la dispersion d'un papillon, la piéride du chou (Pieris brassicae) sont étudiés dans 
un système expérimental de mésocosmes en milieu semi-contrôlé, le Métatron (Legrand et al. 
2012 ; manuscrit 7). Les individus expérimentés sont élevés en laboratoire, et leur capacité de 
vol ainsi que leurs mesures morphologiques sont connus. Les buts principaux de cette étude 
sont (1) d'étudier l'impact de la qualité de l'habitat ainsi que de la densité de population sur la 
dispersion des deux sexes, (2) de mettre en évidence des phénotypes dispersants chez cette 
espèce de papillon et (3) de regarder l'influence de paramètres externes sur la dispersion 
phénotype-dépendante (manuscrit 5). Grâce à l'étude des facteurs externes sur la dispersion 
phénotype-dépendante, il sera possible de lister les facteurs (internes et externes) motivant la 
dispersion en fonction de leur degré d'impact sur ce comportement. 
 
 Afin de mettre en évidence les effets d'interactions entre mâles et femelles, nous avons 
également testé l'impact du sexe ratio dans des populations de piéride du chou placées en 
milieu expérimental (le Métatron; Legrand et al. 2012 (voir manuscrit 7) ; manuscrit 6) sur la 
dispersion des mâles et des femelles. Alors que nous avions observé une dispersion biaisée en 
faveur des femelles à sexe ratio équilibré (manuscrit 5), les deux sexes semblent disperser de 
façon identique (pas de biais de dispersion) à sexe ratio déséquilibré. En d'autres termes, les 
mâles semblent subir une pression environnementale lorsque le sexe ratio des populations est 
déséquilibré et décident de disperser autant que les femelles. Cette étude nous a permis de 
mettre en évidence des forces différentes agissant sur la dispersion de chacun des sexes. 
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Introduction 
 
La dispersion est un mouvement individuel pouvant induire des flux de gènes. Ce 
comportement est crucial pour le maintien à long terme des populations, du fait du brassage 
génétique diminuant les risques de consanguinité au sein des populations. Ses causes et ses 
conséquences sont de plus en plus étudiées (Clobert et al. 2001). Cependant, la dispersion est 
soumise à de nombreuses pressions, et la compréhension des mécanismes qui agissent sur ce 
comportement est devenue essentielle depuis plusieurs années. 
 
 La dispersion peut être condition-dépendante, et ainsi fonction de l'état des individus 
dispersants (traits d'histoire de vie, sexe). Ce comportement peut également être soumis à des 
facteurs externes, environnementaux ou populationnels. La qualité d'habitat ainsi que la densité 
de population sont considérés aujourd'hui comme les facteurs majeurs influençant les 
comportements de dispersion (Clobert et al. 2009; Ehlinger 1990; Mabry & Stamps 2008; 
Verhulst et al. 1997). Cependant, l'impact des interactions entre tous ces facteurs sur la 
dispersion des individus reste mal connu.  
 
 La qualité d'habitat ainsi que la densité d'individus peuvent être des paramètres affectés 
par des variations spatio-temporelles. Ces variations vont rendre encore plus complexe 
l'influence de ces facteurs sur la dispersion des individus. De plus, un génotype particulier peut 
également exprimer différents phénotypes dans différents environnements (plasticité 
phénotypique). La caractérisation de cette plasticité phénotypique et donc la compréhension de 
l'évolution de la dispersion passe donc par la description des normes de réaction de dispersion. 
En l’impact de la variation d’un paramètre environnemental sur les traits d’un génotype 
particulier, on peut mesurer l’effet de ce facteur sur le phénotype des individus. 
 
 Dans la présente étude, les effets combinés de la densité de population ainsi que de la 
qualité d'habitat sur la dispersion de la piéride du chou (Pieris brassicae) ont été étudiés en 
condition expérimentale. Des papillons ont été lâchés dans des cages de qualité d'habitat 
différente reliées entre elles par des corridors, et le suivi individuel des individus a été effectué 
en utilisant des méthodes de capture-marquage-recapture. Après avoir identifié les individus 
dispersants, les caractéristiques individuelles (morphologie et traits d'histoire de vie) relatives 
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aux individus ont été mises en relation avec les paramètres environnementaux pour expliquer la 
décision de dispersion. 
 
Matériel et méthodes 
 
Elevage et test de mobilité des papillons 
 
Plusieurs dizaines de pontes (51 au total) de piérides du chou (Pieris brassicae) provenant 
d'origine différente (France) ont été placées en conditions de laboratoire jusqu'à l'émergence 
des adultes. Les chenilles ont été nourries avec du chou et étaient placées dans des boîtes de 15 
x 5 x 5 cm dans une chambre climatique dont le cycle de température était le suivant : 23±1°C 
le jour et  18±1°C la nuit. Ces conditions, associées à des cycles jour/nuit de 14h/10h, 
permettent le développement rapide des individus. Les papillons émergents ont ensuite été 
marqués individuellement sur leurs ailes grâce à un feutre indélébile. 
 
 Nous avons dans un premier temps mesuré la capacité de vol pour chaque papillon 
Ducatez et al. (in press). Pour cela, un jour après leur émergence, chaque individu a été placé 
dans une bonbonne en plastique perforée à la base de 25 x 10 x 10 cm qui a ensuite été placée 
sur un agitateur rapide (i.e. vortex; Vortex Genie 2, Scientific Industries). Le test du vortex a 
été réalisé à 25 ± 1°C (Fig. 1A). Le vortex est un agitateur qui génère des vibrations, forçant 
les individus à voler dans la bonbonne, ou à tomber au fond de celle-ci. Une fois les papillons 
placés dans la bonbonne, chaque individu a été acclimaté pendant 1 minute. Le test du vortex a 
ensuite été réalisé pendant 1 minute. Le temps passé en vol pendant cette minute a été 
enregistré pour chaque individu, correspondant à sa performance de vol. Nous avons ensuite 
mesuré la taille de l'aile de chaque individu à l'aide d'un pied à coulisse (Fig. 1B). Enfin, les 
individus ont été placés dans un réfrigérateur pendant 6 minutes, puis déposés dans une cage à 
25 ± 1°C afin de mesurer leur capacité de réchauffement pendant 5 minutes, à l'aide d'un 
thermomètre infrarouge (Fig. 1C). Au total, 170 individus (94 femelles et 76 mâles) ont été 
testés pour ensuite être relâchés dans un système expérimental, appelé le Métatron (Legrand et 
al. 2012). Le Métatron est composé de 48 cages de 100 m² connectées entre elles par des 
corridors de 19 m de long. Ce système est utilisé pour l'étude de la dispersion des 
métapopulations.  
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A)  B)  
C)  
Figure 1. (A) Test du vortex permettant d'obtenir les performances de vol des individus, (B) 
mesure de l'aile à l'aide d'un pied à coulisse et (C) mesure de la vitesse de réchauffement 
(thermorégulation) pendant 5 minutes.  
 
Design expérimental 
 
Des populations à sexe ratio équilibré ont été expérimentés (Fig. 2). Les papillons ont été 
lâchés dans des cages initiales, reliées à une autre cage (cage à dispersion) par un corridor. Le 
nombre de papillons lâchés dans les cages variait entre 10 et 20 individus. Au total, 8 duos de 
cages ont été utilisés. Le premier groupe de papillons a été lâché au centre des cages initiales le 
15 septembre 2010 en prenant soin de répartir aléatoirement les individus provenant des 
mêmes pontes. Au total, le design expérimental était composé de 8 duos de deux cages 
connectées entre elles (Fig. 2). Dans chaque cage (cage initiale ou de dispersion), deux pots de 
fleurs nectarifères (constituant les ressources principales des adultes) et un pot de capucine 
(Tropaeolum majus) plante hôte (Feltwell 1982) des piérides du chou (pour le site de ponte) 
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ont été déposés. Afin de garder des densités de populations suffisantes au cours du temps, les 
papillons trouvés mort ainsi que ceux non recapturés deux fois de suite dans le système ont été 
immédiatement remplacés. En effet,  la probabilité de capture a été estimée à 0.82 pour les 
femelles et 0.75 pour les mâles durant cette expérience (voir plus bas, Legrand et al. 2012). Par 
conséquent, 4 sessions de lâchés de papillons ont été réalisés entre le 19 et le 23 septembre 
2010 (en fonction des conditions météorologiques). A cause des sessions de réinjection 
d'individus, l'âge au lâcher variait d'un individu à l'autre entre 1 et 10 jours. Au total, 170 
papillons ont été lâchés. Deux fois par jour, la position des individus recapturés (soit dans la 
cage initiale, soit dans le corridor, soit dans la cage de dispersion) était notée. A la fin de 
l'expérience, il était possible de retracer les mouvements individuels au sein des cages du 
Métatron, et d'identifier si les individus étaient restés dans la cage de lâcher, ou s'ils avaient 
dispersés.  
 
 
 
Figure 2. Design expérimental dans le Métatron. Les cages sans rayures indiquent les "cages 
initiales" où les papillons ont été lâchés. Les cages en face, avec les rayures, sont les "cages à 
dispersion". Les cages ont été classées en fonction de 3 qualités environnementale (voir Table 
1, Fig. 3 et 4) allant de mauvaise qualité (en rouge) à très bonne qualité (en vert). Les numéros 
correspondent au numéro des cages. 
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Qualité des patchs d'habitat 
 
Toutes les cages du Métatron (système expérimental semi-contrôlé) ne sont pas identiques en 
termes de qualité d'habitat. Certaines sont recouvertes à 100% de couvert végétal, alors que 
d'autres ne sont recouvertes qu'à 25% (Fig. 3). La Table 1 montre les différences de qualité 
d'habitat des cages sur base de plusieurs critères végétaux issus d'une analyse 
phytosociologique (Braem 2011).  
 
 Le nombre de syntaxon élémentaire est issu de la comparaison des différents relevées 
synusiaux entre eux afin d'obtenir des ensembles homogènes (logiciel Mulva; Wildi & Orloci 
1996). Ce sont ces ensembles homogènes qui vont constituer les syntaxons élémentaires. Nos 
analyses suivent l'organigramme de Gillet (2000).  
 
 Chaque synusie décrite dans un relevé est constitué d'un ensemble d'écodèmes dont les 
organismes sont suffisamment proches par leur espace vital, leur comportement écologique et 
leur périodicité pour partager à un moment donné un même milieu isotrope à l'intérieur d'une 
biogéocénose. Le nombre de synusies est obtenu en identifiant et comptabilisant les synusies 
présentes au sein d'une cage. L'unité synusiale (individu d'association) regroupe un ensemble 
d'écodèmes dont les organismes d'espèces différentes sont proche dans l'espace, le temps et 
dans leur écologie. L'écodème est constitué d'organismes d'une même espèce, d'un même stade, 
partageant un même milieu (par exemple chez les grenouilles, il existe deux écodèmes, les 
tétards et les adultes).    
 
 La diversité synusial est un calcul de l'indice de Shannon appliqué au relevé 
phytosociologie. Les différents paramètres sont calculés dans Phytobase 8 (Gillet 2010) après 
la saisie des différents relevés dans les formulaires de la table Synusie de Phytobase. C'est un 
logiciel de gestion de base des données phytosociologiques. 
 
 Le taux de recouvrement est estimé en proportion de la surface effectivement 
recouverte par l'ensemble des végétaux de la synusie relevée, et non en proportion de la surface 
totale du relevé, contrairement à l'usage classique de Braun-Blanquet (1928). Il ne s'agit pas ici 
du recouvrement par rapport à la surface de la cage mais en proportion des relevées synusiaux 
effectué dans les cages. Par exemple, dans la cage 44, nous avons deux relevés avec 
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respectivement 100% et 40% de recouvrement soit une moyenne de 70% dans la base de 
données, hors le recouvrement total de la végétation dans la cage est de 32%. 
 
A)  
B)   
 
Figure 3. (A) Exemple qu'une cage avec 100% de couvert végétal et (B) exemple d'une cage à 
faible couvert végétal.  
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Table 1. Paramètres de qualité d'habitat de chacune des cages du Métatron utilisée dans l'étude. 
Les 4 critères de qualité d'habitat proviennent d'une analyse phytosociologique (Braem 2011). 
 
Numéro de 
cage Taux de recouvrement 
Nombre de syntaxon 
élémentaire 
Diversité 
synusiale 
Richesse 
Floristique 
25 47.5 3 3 37 
26 38.33333333 3 2.214 33 
27 55 3 2.465 33 
28 41.66666667 6 4.785 52 
29 41.66666667 2 1.95 35 
30 50 2 1.778 30 
31 35 2 1.778 30 
32 51.875 3 2.172 33 
33 48.125 5 5 54 
34 35 3 2.753 46 
35 15 3 1.512 40 
36 27.5 4 2.857 47 
37 48.75 2 1.922 30 
38 43.75 3 2.939 44 
39 40 2 1.594 18 
40 22.16666667 2 1.778 30 
41 40.83333333 4 2.969 46 
42 37.5 3 3 38 
43 36.66666667 2 2 30 
44 70 2 1.34 16 
45 40 3 2.939 45 
46 35.83333333 4 3.147 43 
47 28.75 3 1.257 39 
48 41.66666667 3 2.122 39 
 
 Afin de résumer en une seule variable la qualité d'habitat, les 4 critères végétaux 
présentés en Table 1 ont été regroupés ensemble dans une ACP (analyse en composantes 
principales). Cette méthode permet d'assembler des variables liées entre elles (toutes les 
variables testées deux à deux (corrélation de Spearman) ont une p-value < 0.001) dans le but de 
réduire le nombre de variables (Fig. 3). Afin de voir si la qualité des cages de départ ou 
d'arrivée avait un impact sur la dispersion des individus, les variables de qualité d'habitat ont 
donc été regroupées en un seul axe (i.e. en une seule variable; expliquant plus de 70% de la 
variance) par cages initiales dans un premier temps (appelé par la suite la variable de qualité 
initiale) puis par cages à dispersion (qualité d'arrivée).  
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B) 
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Figure 3. Représentation graphique de l'analyse en composante principale regroupant les 
variables de qualité d'habitat (A) des cages initiales et (B) des cages à dispersion. Le premier 
axe de l'ACP des cages initiales explique 83.91% de la variance et celui de l'ACP des cages à 
dispersion explique 72.62% de la variance. Un seul axe suffit donc à expliquer la majorité de la 
variance entre les 4 critères de qualité d'habitat.  
 
Variables climatiques 
 
A l'intérieur du Métatron, 3 variables climatiques peuvent être enregistrées (Legrand et al. 
2012) : la température, l'hygrométrie et la luminosité. Nous avons donc également pris en 
compte ces variables, également corrélées entre elles (corrélations de Spearman avec p-value < 
0.001) et pour lesquelles nous avons choisi de les regrouper dans une ACP (Fig. 4) afin de 
réduire le nombre de variables dans nos analyses (l'axe 1 de l'ACP est ensuite appelé la 
variable climat dans nos analyses).  
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Hygrométrie Température
Luminosité
 
Figure 4. Représentation graphique de l'analyse en composante principale regroupant les 
variables climatiques. La luminosité est très corrélée à la température (relation positive) et est 
inversement corrélée avec l'hygrométrie. L'axe un suffit à expliquer 83.13% de la variance.  
 
Analyses statistiques 
  
Des modèles linéaires généralisés à effets mixtes ont été utilisés pour étudier l'impact de la 
densité de population et de la qualité d'habitat sur la dispersion. La première analyse consiste à 
identifier les individus dispersants (individus qui ont quitté la cage initiale au moins une fois) 
des individus résidents (variable réponse dispersion par la suite) et de voir si des variables 
individuelles (taille de l'aile, performance de vol,...) peuvent expliquer cette décision de 
dispersion. La variable dispersion suit donc une distribution binomiale (à disperser ou non) et 
le modèle linéaire généralisé à effets mixtes utilisé a été construit de la façon suivante : 
 
Dispersion ~ sexe + performance de vol + taille de l'aile + thermorégulation + âge au lâcher 
+ interactions de 1er ordre + [duos de cages (aléatoire) + individus niché dans la famille 
(aléatoire)] + erreur 
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Une analyse de colinéarité a également été effectuée grâce au facteur d'inflation de la variance 
(VIF) entre les variables individuelles pour voir si les variables étaient fortement corrélées 
entre elles.  
 
La seconde partie de l'étude consiste à observer si des variables environnementales peuvent 
expliquer la variable binomiale dispersion. Pour cela, le modèle linéaire généralisé à effets 
mixtes utilisé a été construit de la façon suivante (les variables environnementales sont toutes 
enregistrées au  temps t de l'événement de dispersion) : 
 
Dispersion ~ proportion d'apparentés + densité de population + sexe ratio + qualité initiale + 
qualité d'arrivée + climat + [duos de cages (aléatoire) + individus niché dans la famille 
(aléatoire)] + erreur 
 
La proportion d'apparentés et la densité de population ont été calculées au temps t de 
l'événement de dispersion de l'individu dispersant, en fonction des captures effectuées au sein 
du Métatron. 
 
Une analyse de colinéarité a également été effectuée grâce au facteur d'inflation de la variance 
(VIF) entre les variables environnementales pour voir si les variables étaient fortement 
corrélées entre elles.  
 
 Les analyses ont été réalisées sous le logiciel R 2.12 (R Development Core Team 2008). 
Le package lme4 (Bates et al. 2009) a été utilisé pour construire les modèles linéaires 
généralisés à effets mixtes. La sélection de modèles a été faite sur critère d'information 
d'Akaike (AIC; Anderson et al. 1994). Le meilleur modèle a été sélectionné lorsque la 
différence de points d'AIC (ΔAIC) avec le modèle suivant était supérieure à deux. Lorsque 
plusieurs modèles avaient des ΔAIC inférieurs à deux, les meilleurs modèles ont été résumés 
dans un seul grâce à la méthode de modèle averaging (Burnham & Anderson 2002; Grueber et 
al. 2011).  
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Résultats 
 
La combinaison des meilleurs modèles (issue du model averaging) de la relation entre la 
variable dispersion et les variables individuelles est montré en Table 2. L'analyse de 
colinéarité ne montre pas de conflits entre les variables individuelles. La variable dispersion 
montre de forte corrélation avec le sexe, les performances de vol et la taille de l'aile des 
individus. Les individus ayant dispersé sont donc majoritairement des femelles. Les individus 
dispersants montrent également des performances de vol élevées ainsi que des tailles d'aile 
importantes pour la moitié des modèles considérés (Table 2). 
 
Table 2. Résultats du meilleur modèle montrant les corrélations entre la variable dispersion 
(binomiale, l'individu a dispersé ou non) et les variables individuelles issu de la sélection par 
AIC. Le tableau montrent les résultats issus du model averaging. 
 
 Estimate Erreur standard 
Intervalles de 
confiance Pr(>|z|) 
Importance 
relative 
(Intercept) -2.14547 2.07411 (-6.21, 1.92) 0.3009  
Sexe (mâle) -1.01557 0.40364 (-1.81, -0.22) 0.0119 * 1 
Performance de vol 
(test du vortex) 0.01699 0.01314 (-0.01, 0.04) 0.196 0.45 
Taille de l'aile 0.12993 0.10601 (-0.08, 0.34) 0.2203 0.42 
***: P<0.001; **: 0.001<P<0.01; *:0.01<P < 0.05. 
 
 
 Le meilleur modèle (issu du model averaging) de la relation entre la variable dispersion 
et les variables environnementales est montré en Table 3. L'analyse de colinéarité ne montre 
pas de conflits entre les variables environnementales. La décision de dispersion augmente 
lorsque les variables climatiques sont élevées (forte température et luminosité, faible 
hygrométrie). De plus, cette décision est fortement liée à la qualité des cages initiales. La 
dispersion augmente lorsque la qualité des cages est bonne, avec un couvert végétal important, 
et une richesse floristique élevée (Table 3). Les autres variables du modèle averaging ne sont 
pas gardées du fait que leur intervalle de confiance coupe largement 0. 
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Table 3. Résultats du meilleur modèle montrant les corrélations entre la variable dispersion 
(binomiale, l'individu a dispersé ou non) et les variables environnementales issu de la sélection 
par AIC. Le tableau montrent les résultats issus du model averaging. 
 Estimate Erreur standard 
Intervalles de 
confiance Pr(>|z|) 
Importance 
relative 
(Intercept) -4.0827 1.1192 (-6.28, -1.89) 0.0003 ***  
Climat 0.4018 0.1217 (0.16, 0.64) 0.0010 *** 1 
Qualité initiale -0.3647 0.1755 (-0.71, -0.02) 0.0377 * 0.9 
Sexe ratio -0.0564 0.9235 (-1.87, 1.75) 0.9513 0.49 
Densité de population -0.0152 0.0774 (-0.17, 0.14) 0.8449 0.51 
Qualité d'arrivée 0.2082 0.1645 (-0.11, 0.53) 0.2056 0.4 
Proportion d'apparentés -0.2707 1.2831 (-2.79, 2.24) 0.8329 0.08 
***: P<0.001; **: 0.001<P<0.01; *:0.01<P < 0.05. 
 
 
Discussion 
 
L'étude et l'interactions des facteurs internes et externes sur la décision de disperser est cruciale 
pour la bonne compréhension des processus de dynamique de (méta-)populations. Issus d'une 
étude en milieu expérimental (système semi-contrôlé), nos résultats mettent en évidence 
l'influence de la qualité d'habitat et du climat sur la décision de dispersion chez la piéride du 
chou (P. brassicae). Les conditions environnementales sont donc des moteurs majeurs dans la 
dispersion de cette espèce. De plus, nous avons également montré une dispersion biaisée en 
faveur des femelles au sein de notre système d'étude. Les individus dispersants semblent 
également avoir un phénotype particulier, avec une taille d'aile importante et des performances 
de vol (test du vortex) élevées, faisant référence au syndrome de dispersion.  
 
Dispersion biaisée par le sexe 
 
La dispersion biaisée par le sexe est un comportement relativement bien documenté (Clarke et 
al. 1997; Smale et al. 1997). En particulier chez les insectes, Baguette et al. (1998) ont 
également trouvé de la dispersion biaisée en faveur des femelles chez le nacré de la bistorte 
(Proclossiana eunomia). Dans le cas de populations à sexe ratio équilibré, on peut faire 
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l'hypothèse que les mâles vont rentrer en compétition pour l'accès aux femelles, et que les 
femelles vont rentrer en compétition pour les ressources (sites de ponte). Ces deux formes de 
compétition peuvent mener à accentuer la probabilité de dispersion des deux sexes en fonction 
des conditions environnementales (nombre de femelles restreints ou sites de ponte de mauvaise 
qualité). On peut alors s'attendre à de la dispersion non biaisée par le sexe, du fait que les deux 
sexes vont subir des pressions de leur environnement. Malgré tout, dans notre système d'étude, 
des pots de fleurs nectarifères et de capucines (plante hôte pour les sites de ponte) étant 
déposées dans chacune des cages, il est probable que la compétition entre femelles pour les 
sites de ponte soit relativement faible. On aurait donc pu s'attendre à ce que ce soit les mâles 
qui souffrent le plus de la compétition entre eux pour l'accès à la reproduction et donc, 
dispersent plus. Cependant chez de nombreuses espèces de papillons, un des facteurs majeurs 
poussant les femelles à disperser est l'évitement du harcèlement des mâles pour la reproduction 
(e.g. Baguette et al. 1996; Hovestadt & Nieminen 2009). En effet, dans des populations 
biaisées en faveur des femelles, Baguette et al. (1996) et Trochet et al. (in prep.) ont montré 
que les femelles souffraient moins du harcèlement des mâles et donc, dispersaient moins. Plus 
généralement, la coercition sexuelle (comme par exemple le harcèlement des mâles) peut 
sévèrement impacter la survie et la durée de vie du sexe harcelé (majoritairement les femelles; 
Chapman et al. 2003; Le Galliard et al. 2005). Cette hypothèse peut expliquer l'observation de 
la dispersion biaisée en faveur des femelles trouvée dans notre étude. De ce fait, ce 
comportement est un moteur majeur engendrant de la dispersion du sexe harcelé (dans ce cas, 
les coûts à la dispersion deviennent moins importants que les coûts engendrés par le 
harcèlement).  
 
Syndrome de dispersion 
 
Nos résultats ont mis en évidence que les dispersants étaient majoritairement des femelles, et 
que certaines relations entre capacité de dispersion et traits d'histoire de vie étaient retenues. 
Les dispersants ont des taille d'aile plus grande, ce qui a déjà été démontré chez de nombreuses 
espèces de papillons. De ce fait, la taille des ailes chez ce groupe d'espèces est souvent 
considéré comme un proxy de la dispersion (Ockinger et al. 2010; Sekar 2012) même s'il 
semble exister de meilleurs proxys que cette mesure morphologique (Stevens et al. in review). 
Nos résultats suggèrent également que les individus dispersants montraient de bonne 
performance de vol en laboratoire (temps de vol dans le test du vortex élevé). Ces deux 
variables individuelles sont fortement corrélées entre elles (test de Spearman: rho = 0.3035, p-
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value < 0.001). En effet, on peut s'attendre à ce que l'investissement d'énergie dans le 
développement d'appendices locomoteurs (ici la taille de l'aile) permettent aux individus 
d'acquérir de meilleures performances de vol et donc, de dispersion.  
 
Influence de la qualité d'habitat 
 
La qualité d'habitat est un facteur connu influençant la décision de dispersion (Ehlinger 1990; 
Garant et al. 2005; Hedin 2003; Spinks et al. 2000; Clobert et al. 2009). En général, une 
mauvaise qualité d'habitat peut mener à une compétition pour les ressources entre les individus, 
du fait d'une faible quantité ou qualité des ressources locales. Ces contraintes vont avoir des 
répercussions importantes dans les populations. Par exemple chez le scarabée pique-prune 
(Osmoderma eremita), la taille de la population ainsi que la survie individuelle dépend de la 
qualité d'habitat (Hedin 2003). Ainsi, les coûts provenant du patch d'habitat initial sont très 
importants, et l'équilibre coûts-bénéfices de la dispersion devient biaisé en faveur des bénéfices 
pour les individus qui vont prendre la décision de disperser.  
 
 Nos résultats suggèrent qu'une bonne qu'une bonne qualité d'habitat, offrant 
suffisamment de ressources, que ce soit en terme de nourriture, de sites de pontes, ou de 
densité de partenaires sexuels disponibles, a une forte influence sur la dispersion des individus. 
Les cages de mauvaise qualité sont celles ayant de nombreux dispersants. Les individus 
présents dans ces cages ont donc fait le choix de disperser afin de contre carrer les coûts liés au 
patch d'habitat de mauvaise qualité, coûts devenus supérieurs à ceux de la dispersion.  
 
 Concernant l'effet de la densité de population, nous nous attendions à trouver un effet 
significatif de ce paramètre sur la dispersion des individus. En effet, de nombreuses études 
ciblant les insectes ont mis en évidence de la dispersion densité-dépendante, soit positive 
(Baguette et al. 1996, 1998; Enfjäll & Leimar 2005; Nowicki & Vrabec 2011; Odendaal et al. 
1989; Shapiro 1970) soit négative (Gilbert & Singer 1973; Kuussaari et al. 1996, 1998). Nous 
faisons l'hypothèse que dans notre étude, la densité de population maximale dans une cage de 
100 m² était de 20 individus, densité de population potentiellement faible chez la piéride du 
chou. Il est recommandé de faire des expériences similaires en fixant des densités de 
populations (dont certaines supérieurs à 20 individus) à l'intérieur des cages. Ainsi dans notre 
système, il est possible que la qualité des cages ainsi que l'impact du climat soient des facteurs 
influençant de façon majoritaire la dispersion des individus.   
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Perspectives 
 
L'étude complète de la dispersion passe également par le suivi des flux de gènes. Dans cette 
étude, nous avons suivi le déplacement des individus entre les cages, sans savoir s'ils s'y étaient 
reproduits. Cependant, des pontes trouvées sur les feuilles de capucine ont été récoltées, et des 
analyses génétiques (voir Chapitre 7) nous permettrons d'identifier les parents. Nous pourrons 
alors refaire une analyse statistique similaire, afin d'observer si la qualité d'habitat, la densité de 
population ou les variables individuelles influencent la dispersion efficace (i.e. les flux de 
gènes). Chez de nombreuses espèces d'insectes cependant, il existe un trade-off entre capacité 
de dispersion et reproduction (Rankin & Burchsted 1992; Roff & Fairbairn 1991; Zera & 
Denno 1997). En d'autres termes, les individus vont investir leur énergie soit dans la 
reproduction, soit dans la dispersion (énergie investie dans les appendices locomoteurs). On 
peut donc s'attendre à retrouver ce trade-off chez la piéride du chou, montrant que les individus 
dispersants ne sont pas les parents des pontes retrouvées dans les cages.  
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Summary 
1. Sex-biased dispersal, i.e. the difference in dispersal between males and females, has 
generated much interest in the past 30 years since it has been seen as a way to avoid or to reflect 
sex-specific competition and/or needs. Sex-biased dispersal is now thought to be the 
consequence of any divergent evolutionary responses between sexes. In anisogamous species, 
asymmetry in parental investment may lead to sexual conflict, which entails male-male 
competition (for sexual partner access), female-female competition (for feeding or egg-laying 
habitat patches) and/or male-female competition (antagonistic co-evolution).  
2. As competition is one of the main causes of dispersal evolution, intra and intersexual 
competition should have strong consequences on sex-biased dispersal. However, very few 
experimental studies, if any, have addressed altogether the effect of biased sex ratio on (1) each 
dispersal stage (emigration, transience, immigration), (2) the dispersal phenotype, and (3) the 
colonisation success of new habitat within an experimental framework in order to fully separate 
the effects of varying male and female density. 
3. Here we used the Metatron, a unique experimental system, to investigate the effect of sex 
ratio on dispersal in a butterfly. We created populations with three different sex ratios into 
enclosed patches connected to an empty patch by a corridor and recorded individual movements 
in these simple, two patch metapopulations. 
4. Emigration was higher when the proportion of males was higher and individuals reached 
the empty patch at a higher rate when the sex ratio in the departure patch was balanced (same 
number of males and females). Males had a better dispersal success than females, which survived 
less than males both during dispersal and after colonisation. We also showed that phenotypic 
traits (sex, size) are major components of the dispersal response.  
5. The relative density of males and females had the same effect on dispersal in both sexes, 
which means that we did not observe sex-biased dispersal. Our results rather suggest that female 
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harassment by males and male-male competition might be more important mechanisms for the 
dispersal of females and males, than the search for a mating partner. Furthermore, the 
demonstration of a differential mortality between males in females during dispersal is 
particularly interesting in providing causal hypotheses of the evolution of sex-biased dispersal. 
 
Key-words   
Colonisation success, corridor, sex ratio, dispersal propensity, dispersal success, timing of 
emigration, inter- and intracompetition, metapopulation dynamics, Metatron, Pieris brassicae 
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Introduction 
Sex-biased dispersal, i.e. the difference in dispersal capacities between males and females, has 
generated much interest in the past 30 years since it has been seen as a way to avoid inbreeding 
(the inbreeding hypothesis: Moore & Ali 1984; Pusey 1987) or to reflect sex-specific 
competition and/or needs (Dobson 1982; Gros et al. 2008 Perrin & Mazalov 2000; Waser 1985). 
The inbreeding hypothesis has been progressively expanded (Gros et al. 2008; Mathyssen 2012), 
the evolution of sex-biased dispersal being now considered as the consequence of any divergent 
evolutionary responses between sexes (e.g. Gros et al. 2009). In particular, the asymmetry in 
parental investment may lead to sexual conflict (e.g; Chapman et al. 2003), which entails male-
male competition (for sexual partner access), female-female competition (for feeding or egg-
laying habitat patches) and/or male-female competition (antagonistic co-evolution). As 
competition is one of the main causes of dispersal evolution (Gandon & Michalakis 1999; 
Travis, Murrell & Dytham 1999; Cadet et al. 2003), intra and intersexual competition should 
have strong consequences on sex-biased dispersal (Perrin & Mazalov 2000; Darden & Croft 
2008; Rankin 2011).   
 
Theory of sex-biased dispersal indeed predicts that dispersal rates will be higher in the 
sex that suffers more from local competition (Perrin & Mazalov 2000), local competition being 
likely to occur when one of the two sexes is less abundant. Variations in sex ratio are thus 
expected to induce sex-biased dispersal. For example, female harassment by males in 
populations with skewed sex ratio may promote female dispersal as an escape behaviour to avoid 
potential costs like physical injury, energy loss, infanticide, etc. (in primates: Sterck 1997; in 
insects: Baguette et al. 1998; in lizards: Le Galliard et al. 2005). Besides, the literature pointed 
out that the nature of a population disequilibrium like a biased sex ratio influences (i) the 
phenotype of the dispersing individual (McPeek & Holt 1992; Chaput-Bardy et al. 2010), (ii) the 
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success of the dispersal movement (Chaput-Bardy et al. 2010) and (iii) the colonization success 
of new habitat patches (Freedberg & Taylor 2007). Indeed, not all individuals are responding to 
intraspecific competition the same way (Cote, Clobert & Fitz 2007). Consequently, it is likely 
that the phenotype of dispersing individuals will strongly depend on the nature of population 
disequilibrium (Clobert et al. 2009), like biased sex ratios. We expect thus that individuals with 
different phenotypes (here sex and size) will show differences in dispersal according to variation 
in sex ratio. 
 
However, empirical studies provide mixed validations of the above predictions on the 
effects of population sex ratio on dispersal (e.g. Pruett-Jones & Lewis 1990; Krupa & Sih 1993; 
Le Galliard et al. 2005). Altogether, theoretical and empirical studies show that not only density 
per se but also the density of males and females separately need to be considered as main drivers 
of dispersal. Understanding effects of sex ratio disequilibrium on the overall metapopulation 
dynamics is becoming nowadays increasingly important because many anthropogenic population 
structure disequilibrium may in turn affect population persistence, metapopulation functioning 
and the potential of colonization (Le Gaillard, Massot & Clobert 2012; Baguette et al. 2012).   
 
A convenient approach to studying dispersal is to disentangle the dispersal process into 
three successive, but inter-related phases: departure out of a habitat (i.e. emigration), transfer 
within the landscape (i.e. transience), and settlement and reproduction in a new habitat (i.e. 
immigration), which may or may not be occupied by conspecifics (Stenseth & Lidicker 1992; 
Ims & Yoccoz 1997; Bowler & Benton 2005; Baguette & Van Dyck 2007; Clobert et al. 2009; 
Bonte et al. 2012). Very few studies, if any, have addressed altogether the effect of biased sex 
ratio on each dispersal stage within an experimental framework in order to fully separate the 
effects of varying male and female density (but see Le Galliard et al. 2005 for an approaching 
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study). In particular, a direct assessment of the effect of sex ratio on the success of installation in 
another habitat after the decision to leave a patch has never been carried out. Here we assume 
that the sex ratio in the initial population may impact not only the dispersal decision of the 
individual, but also its behaviour during the transience phase, as well as its decision to colonize a 
new habitat or to immigrate into an existing population. We also assume that the effect of sex 
ratio on the three different stages may vary according to the individual phenotypes (sex and size). 
 
To tackle these issues, we tested for sex-biased dispersal in experimental metapopulations 
of the butterfly Pieris brassicae under varying population sex ratios using the Metatron, a large 
mesocosm specifically designed to study the dynamics of spatially structured ecological systems 
(Legrand et al. 2012). Butterflies are key in the study of dispersal (Stevens, Turlure & Baguette 
2010) and metapopulation dynamics (Hanski 1998), and  highly biased sex ratios have been 
reported in natural populations as a consequence of either parasitism by Wolbachia bacteria 
(Dyson & Hurst 2004) or  protandry, i.e. the emergence of males before females (e.g. 
Schtickzelle, Le Boulengé & Baguette 2002). Because P. brassicae is a migratory species 
(Feltwell 1982) and that mobile individuals can be distinguish from non-mobile ones (Ducatez et 
al. 2012), we supposed that only mobile individuals contribute to the migration. Here we 
released adult butterflies to create three different sex ratios (25%, 50% and 75% of males) at 
constant density in pairs of patches connected by a narrow, S-shaped corridor, a design 
mimicking simple, two patch metapopulations. We studied the dispersal of individuals from the 
release patch to the connected, previously empty patch using 5 variables: the dispersal propensity 
(emigration decision), the timing of emigration (the time between release and the first emigration 
from the release patch), the mortality in the corridors (mortality during the transience stage), the 
dispersal success (immigration within empty patches) and the survival after settlement in 
connected, previously empty patches (the time between the first immigration within empty patch 
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and death). We also examined, using the same experimental setting, how these 5 variables were 
affected by individual phenotype (i.e. sex and wing length, a proxy of body size). 
 
Materials and methods 
 
Study species: the Large White butterfly 
Pieris brassicae is a common butterfly with a wide distribution in the Palearctic encompassing at 
least 25° in latitude from the Maghreb to Scandinavia. It is considered as highly mobile, and may 
also migrate, possibly covering several hundreds of kilometers per generation (Feltwell 1982). 
However, little is known about its migratory behaviour, which is believed to vary substantially 
across its range (Spieth and Kaschuba-Holtgrave 1996). Previous works on this species showed 
the coexistence of resident and dispersing individuals in France. These two strategies are well 
defined behavioural syndromes (Ducatez et al. 2012) having each its advantage under particular 
climatic conditions and landscape settings (Ducatez et al. in press). 
 
Study system: the Metatron 
The Metatron, developed in Ariège, France, is a new infrastructure dedicated to the study of 
dispersal in metapopulations. It is composed of 48 one-hundred m² patches covered with nets, 
interconnected by narrow 19 metre-long S-shaped corridors (Legrand et al. 2012). Each corridor 
can be opened or closed following specific experimental requirements. Here we used pairs of 
cages connected by corridors whose doors were fully open. We selected couples of cages with 
similar habitat quality (same species in the herbaceous layer, comparable vegetation height). 
Within each cage, 2 pots with nectariferous flowers were added as adult food resources, and 1 
pot with Tropaeolum majus as a host plant (Feltwell 1982) to ensure favourable life conditions. 
No particular consign of sprinkling was given and the roofs of the cages were fully open. 
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Although the study does technically involve "metapopulations" (spatially separated populations), 
the size, number, and separation of patches are much smaller than would generally be 
experienced by large white butterflies. The maximum dispersal distances of this butterfly are 
substantially greater than the maximum possible dispersal distance in this study, such that it is 
debatable whether the separate compartments in the Metatron really act as distinct populations. 
However, the difficulty experienced by individuals when they cross the narrow, S-shaped 
corridors may be viewed as a trade-off between the length of the displacement and the cost of the 
flight in a stressing environment. Actually, the setting of this experiment is more as a 
behavioural arena than a true metapopulation. 
 
Butterfly breeding and mobility test 
 Seven egg clutches of the large white butterfly (P. brassicae) originating from a breeding in 
Visan (Vaucluse, France) were reared in separate incubators under controlled conditions until 
emergence in Moulis (Ariège, France). Larvae were fed with cabbage (Brassica oleracea) 
provided ad libitum in 15 × 5 × 5 cm boxes within a climate chamber. Temperatures were set up 
at 23±1°C during the day and at 18±1°C during the night. The chosen photoperiod (Light:Dark 
14:10h) induces direct development. Emerging butterflies were all marked on their wings with a 
specific number after wings were totally dry.  
 
Previous works on P. brassicae showed (i) extensive variation of mobility across 
individuals, which was consistent in time (Ducatez et al. 2012) and (ii) a relationship between 
mobility and dispersal in the Metatron, the most mobile individuals dispersing significantly more 
from their release patch to other patches than  the less mobile individuals (Legrand et al. 
unpublished; Legrand et al. 2012). To avoid that this variation in mobility interferes with 
dispersal responses due to sex ratio, all butterflies used in the experiment were scored for their 
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performance using a flight mobility test deviced by Ducatez et al. (2012). One day after 
emergence, individuals were introduced into a 25 x 10 x 10 cm plastic chamber perforated at its 
base, and fixed to a rapid agitator (Vortex Genie 2, Scientific Industries). Each individual was 
allowed to acclimate for 1 minute. The vortex was then switched on, generating strong vibrations 
impeding the butterfly to perch on the chamber’s wall. The behaviour of the butterfly was 
observed over one minute. During the test, each individual could fly or lay uncomfortably at the 
bottom of the chamber. We recorded the total time an individual spent flying during the test, high 
values indicating good flight capacities. All experiments were performed at 25 ± 1°C. We 
retained 243 individuals with good flight ability, i.e. more than 50 seconds of flight during the 
one minute test (129 females and 114 males).  
 Wing length in mm was measured for each of the tested butterflies (n = 243) by the same 
experimenter using a calliper to control for the effect of morphology.  
 
Experimental design 
Data on the density of P. brassicae in natural populations are not available to our best 
knowledge. Shapiro (1970) mentioned densities ranging from 5 individuals/100 m² in low 
density populations to 800 individuals/100 m² in very dense populations of the Pierid Colias 
eurytheme. He also reported a density of 720 individuals/100 m² in a natural population of Pieris 
protodice. We created three levels of treatment for the population sex ratio (number of males 
divided by the total number of individuals) hereafter called ‘sex ratio treatment’: 0.75, 0.5, and 
0.25. For each sex ratio treatment, 20 butterflies were released in the Metatron following the 
experimental design presented in Fig. 1: sex ratio = 0.75 (15 males, 5 females), 0.5 (10 males, 10 
females) and 0.25 (5 males, 15 females). We performed two replicates for each sex ratio 
treatment. On the 23rd of May 2011, each group of 20 butterflies was released at the centre of a 
patch connected to another empty patch. Butterflies from the 7 families were randomly 
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distributed into the groups. In total, the experimental design was composed of 6 sets of 2 
interconnected patches (3 sex ratio treatments, two replicates). The location of initial and empty 
patches was randomly determined (Fig. 1). To keep densities and sex ratio constant within 
patches, dead butterflies and emigrants were replaced during new release sessions. A pilot 
experiment showed that the daily capture probability within the Metatron was 0.82 for females 
and 0.75 for males (Legrand et al. 2012). Thus, the probability that a living butterfly was not 
captured after two days was rather low (0.06). Accordingly, butterflies not observed over two 
consecutive days were also replaced. In total, four extra release sessions were performed from 
the 25th of May 2011 to the 29th of May 2011. A total of 199 butterflies (103 females and 99 
males) were monitored until June 1st 2011 during capture sessions. Capture sessions were 
performed twice a day (10:30 and 16:30) weather permitting, to record the position of butterflies: 
initial patch, corridor or empty patch (Fig. 1). In total, 15 capture sessions were performed, and 
the age at release of butterflies in the Metatron varied from 2 to 9 days.  
 
Statistical analyses 
We used generalised linear mixed-effects models (GLMM) with fixed and random effects to 
study the impact of the sex ratio on five response variables, each being characteristic of a 
particular stage of the dispersal process. In all analyses, the behaviour of individuals was treated 
as independent from that of others (an individual was considered as one observation). 
Emigration stage 
 (1) The dispersal propensity: emigrants (n = 78; 33 females and 45 males) were defined as 
individuals emigrating at least once from the release patch to the corridor or to the empty patch. 
Residents (n = 121) were thus defined as individuals staying in the release patch until death. 
Individuals that were never recaptured after their release sessions were excluded from the 
analyses.  
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 Figure 1. Experimental design. Groups of 20 butterflies with varying sex ratio were randomly 
released within initial patches, each of them being connected to one empty patch through 
corridors. sex ratio values were replicated once from 0.25 (25% of males) to 0.75 (75% of 
males). Empty patches at the beginning of the experiment are in grey.  
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 (2) The timing of emigration: the number of days between the release and the first emigration 
from the release patch (n = 60; 36 females and 24 males). Individuals that were not recaptured 
the session before they dispersed were excluded from the analyses, because their timing of 
emigration could not be ascertained. 
Transience stage  
 (3) The mortality in the corridors: among emigrants, we recorded individuals dead in the 
corridors (i.e. during the transience stage). Dead emigrants in the corridor were considered either 
when individuals were directly found dead in the corridor or when individuals were recorded for 
the last time in a corridor (thus never recaptured within any other patch).  
Immigration stage 
 (4) The dispersal success: successful emigrants (n = 37; 12 females and 25 males) were 
defined as individuals that reached the empty patch at least once. Emigrants that died in the 
corridor or returned to the release patch before reaching the empty patch (they only visit the 
corridor) were thus considered unsuccessful. We considered the dispersal success as an estimator 
of the colonisation success. Only a couple of individuals moved back from the previously empty 
patch to the release patch. We did not consider these movements in the analyses. 
 (5) The survival after settlement: the number of days between the settlement in the other 
patch and death among successful emigrants (n = 37; 12 females and 25 males).  
 
 To test for the effects of the sex ratio treatments, GLMM were built as follows:  
Dispersal propensity or timing of emigration or mortality in the corridors or dispersal success or 
survival after settlement ~ sex + sex ratio + sex ratio² + lifespan + wing length + first order 
interactions + patch identity (random) + family identity (random) + error 
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The term sex ratio² was incorporated in the analysis to test for a possible quadratic effect of the 
sex ratio. A binomial distribution and a logit link were used in the model describing the dispersal 
propensity, the mortality in the corridors and the dispersal success and a Poisson distribution 
and a log link were used in the model describing the timing of emigration and the survival after 
settlement. The patch identity into which butterflies were released and the family were included 
as random factors (random intercepts). All first order interactions were tested. 
  
Emergences of P. brassicae from the same families are not synchronous. As a result, butterflies 
were of different ages when released, between 1 and 9 days (mean ± SE: 3.43 ± 0.11 days). This 
age at release was defined as the time passed in laboratory (before releasing). We observed that 
this time in laboratory negatively impacted the lifespan of individuals in the Metatron (ANOVA: 
F1,197 = 44.46, R² = 0.1841, P < 0.001). Thus, because the lifespan in the Metatron was strongly 
related to the age at release and also to avoid over-parameterization, lifespan was used in all the 
subsequent analyses as covariate corrected by the age at release taking the residuals of the linear 
model: total lifespan ~ age at release + error. 
 
Analyses were done using R 2.12 (R Development Core Team 2008). The lme4 R-
package (Bates, Maechler & Dai 2009) was used to run the saturated models. Model selection 
was performed using backward selection. Interactions were removed first when they were not 
significant and the less significant variable was then removed step by step. Between each step, 
successive models were compared using likelihood ratio tests (LRT) to determine the 
significance of the variable removed as recommended by Burnham & Anderson (2002). If the 
effect of this variable was not significant, the new model was kept and the backward selection 
was continued. The procedure was stopped when all explanatory variables had a significant 
effect on the response variable. 
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Results 
 
Among the 199 recaptured individuals (103 females and 96 males), 78 were emigrants (33 
females and 45 males) and 121 were residents. 24.24% of emigrants were observed from patches 
with sex ratio = 0.25, 37.5% from patches with sex ratio = 0.5 and 57.38% from patches with sex 
ratio = 0.75 (Fig. 2a). We observed a positive relationship between the dispersal propensity and 
sex ratio, meaning that both males and females were more likely to emigrate when the proportion 
of males increased (Table 1 and Fig. 2a).  
 
Table 1. β estimates with associated standard error for explanatory variables with significant 
effects on the dispersal propensity after backward selection (likelihood ratio test: P = 0.081, χ² = 
3.045, d.f. = 1). For each explanatory variable, a positive effect means an increasing of the 
probability to emigrate.  
 Estimate Standard Error z value Pr(>|z|) 
intercept -1.8182 0.7737 -2.350 0.0188 * 
lifespan 0.5132 0.1160 4.425 < 0.001 *** 
sex ratio 2.8222 1.4239 1.982 0.0475 * 
***: P<0.001; **: 0.001<P<0.01; *:0.01<P < 0.05. 
 
The timing of emigration varied between 0 and 11 days (mean ± SE: 2.05 ± 0.33) and 
was not different between males and females (males: 1.78 ± 0.36 and females: 2.46 ± 0.62 days, 
sex effect not significant). A positive relationship was found between the timing of emigration 
and wing length (Table 2). Butterflies with shorter wings emigrated earlier than those with longer 
wings. The timing of emigration was however not affected by the sex ratio treatment, even 
among the first order interactions. 
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Table 2. β estimates with associated standard error for explanatory variables with significant 
effects on the timing of emigration after backward selection (likelihood ratio test: P < 0.001, χ² = 
12.585, d.f. = 1).  
 Estimate Standard Error z value Pr(>|z|) 
intercept -3.7015 1.3193 -2.806 0.0050 * 
wing length 0.1802 0.0496 3.630 < 0.001 *** 
lifespan 0.3701 0.0542 6.833 < 0.001 *** 
***: P<0.001; **: 0.001<P<0.01; *:0.01<P < 0.05. 
 
Among the 78 emigrants, 35 individuals died in the corridors. The probability of dying 
during transience was thus 0.41 in this experiment. The mortality in the corridors showed a 
negative correlation with the interaction between sex and sex ratio and also with the interaction 
between wing length and sex ratio (Table 3). Males were less numerous to die in the corridors 
when the sex ratio increased whereas females were more numerous to die when the proportion of 
males increased (Fig. 2b). Moreover, wing length of emigrants that died in the corridors also 
decreased with the sex ratio meaning that dead emigrants had larger wings than surviving 
emigrants for female-biased sex ratio and the reverse for male-biased sex ratio (Fig. 2c).  
 
Table 3. β estimates with associated standard error for explanatory variables with significant 
effects on the mortality in the corridors after backward selection (likelihood ratio test: P < 0.0482, 
χ² = 3.9016, d.f. = 1). 
 Estimate Standard Error z value Pr(>|z|) 
intercept 37.455 16.692 -2.244 0.0248 * 
sex (male) -2.259 1.697 1.331 0.1830 
wing length -1.394 0.639 2.182 0.0291 * 
sex ratio -68.088 27.933 2.438 0.0148 * 
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sex (male) * sex ratio 5.728 2.922 -1.96 0.0499 * 
wing length * sex ratio 2.529 1.07 -2.363 0.0181 * 
***: P<0.001; **: 0.001<P<0.01; *:0.01<P < 0.05. 
 
Among emigrants, 37 individuals (12 females and 25 males) reached the empty patch at 
least once. Successful emigrating males reached the empty patch more often than females. The 
dispersal success also showed a quadratic fit with sex ratio, meaning that individuals had more 
chance to colonise empty patches when they leaved population at equilibrated sex ratio (Table 4 
and Fig. 2d). Among those colonisers, males tended to have a better survival after settlement than 
females (Table 5) while the sex ratio treatment within initial patches had no effect on post-
colonization survival (sex ratio: P = 0.5063, sex ratio*sex: P = 0.6170). 
 
Table 4. β estimates with associated standard error for explanatory variables with significant 
effects on dispersal success after backward selection (likelihood ratio test: P = 0.095, χ² = 2.792, 
d.f. = 1). For each explanatory variable, a positive effect means an increasing of the probability to 
be a successful disperser.  
 Estimate Standard Error z value Pr(>|z|) 
intercept -6.1979 2.6100 -2.375 0.0176 * 
sex (male) 1.2288 0.6095 2.016 0.0438 * 
lifespan 0.6491 0.2066 3.142 0.0017 ** 
sex ratio 23.0847 10.9195 2.114 0.0345 * 
sex ratio² -22.6696 10.6033 -2.138 0.0325 * 
***: P<0.001; **: 0.001<P<0.01; *:0.01<P < 0.05.  
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Table 5. β estimates with associated standard error for explanatory variables with significant 
effects on survival after installation after backward selection (likelihood ratio test: P < 0.0681, χ² = 
3.3281, d.f. = 1). 
 Estimate Standard Error z value Pr(>|z|) 
intercept 0.8465 0.2756 3.072 0.0021 ** 
sex (male) 0.4078 0.2261 1.803 0.0714 
***: P<0.001; **: 0.001<P<0.01; *:0.01<P < 0.05. 
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Figure 2a. Probability of emigration according to sex ratio treatments (i.e. proportion of males in 
patches) and sex. The total number of individuals in patches was 66, 72 and 61 for sex ratio=0.25, 
0.5 and 0.75 respectively. Bars represent standard errors. Figure 2b. Proportion of individuals that 
died during transience for each sex ratio and sex. The total number of dead individuals in the 
corridors was 8, 9 and 18 for sex ratio=0.25, 0.5 and 0.75 respectively. Figure 2c. Mean wing 
length (in mm) of dispersing individuals that died in the corridors and of the other dispersing 
individuals according to sex ratio treatments. Bars represent standard errors. Significant difference 
among groups was represented by an asterisk (*). Figure 2d. Proportion of successful emigrants 
(individuals reaching the empty patch at least once) for each sex ratio treatment and sex. Bars 
represent standard errors. Significant difference among groups was represented by an asterisk (*).  
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Discussion 
 
We will successively discuss the effect of sex ratio on each of the three dispersal stages 
(departure, transience, settlement). Then we will turn on the sex-specific evolutionary forces 
acting on dispersal. 
 
Departure: emigration from the release patch 
Relatively few experimental studies under semi-natural conditions have examined adult 
emigration as a consequence of the manipulation of mature adult sex ratio in a population. The 
only one we know of has been done on the common lizard, but provided limited understanding to 
sex-biased dispersal (Le Galliard et al. 2005). Indeed, this study was looking at adult emigration 
although adult dispersal is the exception rather than the rule in nature for this species (Clobert et 
al. 1994). Nonetheless, our results in P. brassicae, where adult dispersal is the rule (Feltwell 
1982), concur with those of the former study: more males or more females in a population did 
not entail a higher emigration rate of the more numerous sex with respect to the less numerous 
one. There is no tendency to equilibrate a population sex ratio by emigration of the more 
numerous sex. In place, we found a higher emigration in both sexes with an increase in male 
biased sex ratio. Our results militate less for a mating probability-dependent emigration than for 
a balance between intra- and inter-sex competition as a driver of dispersal in this species, as 
suggested by the theoretical work of Perrin & Mazalov (2000).     
 
Several mechanisms can explain such sex specific emigration responses regarding intra- 
and intersexual competition. Aggressive male-male interactions have been widely described in 
several groups and proposed as a major driver of male dispersal decisions in butterflies (e.g. 
Baguette et al. 1998), including Pierid butterflies (Shapiro 1970). Indeed, when the proportion of 
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males is high, dispersal may become less costly than male intrasexual competition, leading to a 
higher emigration probability for males. Accordingly, we repeatedly recorded aggressive 
behaviours between males during flight or feeding periods during our experiment (data not 
shown). As a by-product, emigration may increase male mating probability if males arising from 
male-biased sex-ratio reach population with a female-biased sex ratio (Baguette et al. 1998). 
Within female-biased populations, higher female availability might also contribute to the 
decrease in male emigration as previously shown in several studies (e.g. Baguette et al. 1998). 
The relation between emigration and the mating status of males should be interesting to 
investigate. In two species of Pierid butterflies, Shapiro (1970) indeed reported that young males 
were more prone to leave breeding areas at high male density. 
 
While inter males competition or female availability might explain our result for the 
increased male emigration with sex ratio, this explanation certainly does not hold for females. 
Indeed, female emigration also increased with male-biased sex ratio. Females harassment by 
males has often been presented as a consequence of an increase in male-biased sex ratio 
(Chapman et al. 2003; Le Galliard et al. 2005). In butterflies also, it has been suggested that one 
of the main drivers of female emigration was female harassment by males (e.g. Shapiro 1970; 
Baguette et al. 1996, 1998; Hovestadt & Nieminen 2009). Females should indeed suffer less 
from male harassments at female biased sex ratio, and should therefore tend to stay. 
Interestingly, the presence of a high proportion of a given sex is not taken by the other sex as a 
sign of a good quality patch (e.g. Stamps 1994; Léna et al. 1998). We showed that the variation 
in sex ratio did not affect the timing of emigration regardless of the sex. This result is quite 
intriguing since we were expecting, if emigration motivation was male competition and female 
harassment in high sex ratio populations, that the timing of departure should also increase with 
population sex ratio. We suggest that the way P. brassicae males and females assess a population 
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sex ratio could offer an explanation for this counterintuitive result. Understanding how 
individuals perceive population's characteristics, i.e. using direct cues (conspecific density) or 
other more indirect or difficult systems (e.g. scents and/or the decrease of resources), might help 
to solve this issue. Otherwise, the absence of sex ratio effect on the timing of emigration could 
also be due to the time needed for individuals to localise corridors. It might even be that such 
variation of population sex ratio in natural populations of P. brassicae is rare which might 
explain why males and females did not response rapidly to such variation. However, huge 
variation in the sex ratio of natural populations of related Pierid species were reported (Shapiro 
1970). Besides, this scenario is potentially in contradiction with the fact that the timing of 
emigration is not independent of males and females phenotypes. Indeed, the timing of the first 
emigration was positively correlated to wing length, which is perfectly correlated to body size 
(Garcia-Barros 2000). In Lepidoptera, wing length is often used as a reliable proxy for dispersal 
ability in butterflies at the inter-specific level (e.g. Sekar et al. 2012) and large-winged butterflies 
being considered as better dispersers. However, this shortcut is currently under debate, because 
an array of selected life history traits performs much better to predict dispersal than body size 
alone (Stevens et al. 2012). At the intra-specific level, Ducatez et al. (2012) showed that wing 
length was positively correlated to mobility in males of P. brassicae, but not in females. As a 
result, males with shorter wings may be less efficient during the transience stage. We showed 
here that wing length also has an impact on the timing of emigration for both sexes, individuals 
with shorter wings emigrating earlier than those with longer wings. However, the timing of 
emigration was not dependent on the interaction between individual phenotype and the 
population sex ratio, suggesting that the timing of emigration is here more condition- than 
context-dependent (Clobert et al. 2009), giving more credit to our above scenario of slow sex 
ratio perception.   
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Transience: corridor crossing 
Not all emigrating butterflies succeeded to reach the empty patch. The analysis of mortality in 
the corridor revealed that females seemed to die in higher number than males. Besides, males 
coming from populations with more females incurred higher mortality than those coming from 
populations with more males. This relationship was reversed in females, mortality in the corridor 
being higher in females coming from populations with more males. This strongly suggests that 
emigrating when the other sex is more abundant could be a wrong decision.  
 
In females, it is likely that male harassment in male biased population provoked damages 
on harassed females which in turn decreased the ability of females to succeed during the 
transience stage. Such harassment is not a consequence of the experimental setting used here, as 
it has repeatedly been mentioned in the literature dealing with butterfly dispersal in natural 
populations (see review in Hovestadt & Nieminen 2009), and particularly in related Pieris 
species (Shapiro 1970). This scenario might further indicate that only good females could resist 
male harassment in male biased populations, the other deciding to emigrate even if they are less 
efficient. While in general, males with good dispersing ability are attempting with more success 
than females to rejoin other populations. To the extent that dying within a Metatron’s corridor 
can be assimilated to the mortality cost paid by emigrants during transience, our results also 
indicate that departure decisions are rather uncorrelated with success during transience.  
 
The phenotype of the emigrants also influenced mortality during the transience stage in 
interaction with the sex ratio in the release population: large-winged individuals survived less in 
the corridor than short-winged individuals when originating from male-biased populations while 
it was the contrary for female-biased populations. This result confirms that it is more the 
phenotype (morphological, physiological, and/or behavioural) of the emigrants in interaction 
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with the characteristics of its population of origin that governs the transience and settlement in a 
new habitat patch (Cote, Clobert & Fitz 2007; Clobert et al. 2009). In other species as well, size, 
dispersal propensity and dispersal success were found to show different patterns and signs of 
association (Clobert et al. 2009) even at the within population level (Sinervo et al. 2006; Cote, 
Clobert & Fitz 2007). Although strongly significant, this result is however difficult to explain 
since large-winged individuals are usually thought to have better dispersal capacities (Sekar et al. 
2012). It might indicate, as already suggested by interspecific comparisons (Stevens et al. in 
review), that wing length is not the best predictor of dispersal success in butterflies. Other traits, 
such as life history tactics (Stevens et al. 2012) or behavioral strategies (Cote et al. 2010), are 
indeed better predictors of dispersal success.  
 
Settlement: dispersal success 
The overall dispersal success defined here as the individual ability to reach the other patch 
(departure combined with survival during the transience), was influenced by both the sex and the 
population sex ratio. In proportion, males settled in other patches more often than females, even 
more so when they originated from a high population sex ratio (in high male biased sex ratio: 
LRT P = 0.0579, χ² = 3.5948, d.f. = 1; see Fig. 2d). Only females from equilibrated sex ratio 
populations managed to reach the previously empty patch. Also, males had a slight tendency to 
survive better than females after settlement. Such sex-specific success in the ability to reach 
other patches may have important implications on the colonisation process. Indeed, whenever 
some environmental changes alter a population sex ratio, it will also alter the capacity of this 
population to ensure optimal colonisation of surrounding empty patches since the resulting newly 
founded populations will all skew toward male-biased populations. Measures of sex ratio in 
natural populations of P. brassicae are unavailable. In other butterfly species, sex ratio biased 
towards females has been described as a consequence of infection by the male killing bacteria 
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Wolbachia (Dyson & Hurst 2004; Hiroki et al. 2002). More generally male biased populations 
are frequently observed in butterflies (Tabashnik 1980; Frey & Leong 1993; Underwood & 
Shapiro 1999) as a consequence of protandry (e.g. Schtickzelle, Le Boulengé & Baguette 2002). 
Although the presence of such disequilibrium in sex ratio remains to be determined in P. 
brassicae, our results show how simple changes in population parameters might change the 
dispersal success of individuals and open interesting perspectives to study other species (e.g. 
Bergerot et al. 2012). 
 
Conclusion: sex-specific evolutionary forces acting on the dispersal response 
Dispersal is a complex process under the influence of several factors (Matthysen 2012). Using 
the Metatron, we showed that a key population variable, here the sex ratio, can strongly influence 
each stage of dispersal, with potentially strong consequences on population dynamics. In 
addition, the experiment confirmed that phenotypic traits strongly influence dispersal in 
interaction with population parameters. The demonstration of a differential mortality between 
males in females during the transience process is particularly interesting in providing causal 
hypotheses of the evolution of sex-biased dispersal.  
Our results also suggest that female harassment by males and male-male competition 
might be more important mechanisms for the dispersal of females and males, than the search for 
a mating partner. Furthermore, the ability of individuals to reach other patches is male biased and 
is dependent upon the sex ratio for females, with a survival after settlement increased in males. 
P. brassicae is a migratory butterfly, with individuals flying northwards across Europe in spring, 
and southwards in autumn. Populations in Northern Europe are founded each year by migrants, 
as the hibernation of caterpillars is not possible for climatic reasons. Given the clear-cut 
distinction between mobile and non-mobile individuals (Ducatez et al. 2012), we suggest that 
only mobile individuals contribute to the migration. This motivated our choice to restrict our 
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experiment to the more mobile individuals. It would be interesting (i) to test the mobility of the 
migrant individuals reaching Northern Europe, and (ii) to check if the colonisation front during 
these migrations is male-biased. New male-biased populations on these fronts would in turn 
favour dispersal, with males having the highest probability to reach new patches, leading to the 
progression of the colonisation front with new populations that are even more male-biased. In the 
long-term, such mechanisms, which reduce drastically the proportion of females within 
populations, may lead to an evolutionary dead end during colonisation stages. Thus, our 
experiment shows that both the stability of local populations and the success of colonization by 
both sexes are highly dependent upon the sex ratio, and are favored under equilibrated 
conditions. It would be interesting to ultimately establish how those individuals of lower flight 
ability (and perhaps lower intrinsic emigration propensity) respond to both total density and sex 
ratio. 
 
Finally, experiments such as this are ideal for providing at least initial estimates for 
parameters that can be used in the new generation of dispersal models that are becoming 
available (Travis et al. 2012). Interestingly, while these models have rapidly incorporated more 
realism over the last few years, none has yet included emigration propensity as a function of sex 
ratio. Our results neatly illustrate how this type of experimental system can flag up effects that 
modelling can then incorporate to test their potential importance. Existing models (e.g. Barton et 
al. 2012) could be easily extended to establish how sex ratio-dependent emigration propensities 
influenced range expansion dynamics under different strengths of Allee effects. 
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Chapitre 6 
Discussion générale 
 
 
La dispersion, mouvement individuel pouvant apporter de nouveaux gènes dans une population 
(Ronce 2007) déjouant ainsi les effets négatifs de la dérive génétique, est un comportement 
nécessaire au maintien à long terme des populations. Ce comportement est complexe et soumis à 
de nombreuses pressions, qu'elles soient internes (traits d'histoire de vie, sexe) ou externes 
(qualité d'habitat, densité de population). Clobert et al. (2009) ont listé de nombreuses causes de 
la dispersion, dont les coûts varient en fonction des conditions individuelles et 
environnementales (voir Bonte et al. 2012) et également en fonction de leurs variations spatio-
temporelles. Cette thèse a permis d'approfondir nos connaissances sur la dispersion, sur ses 
causes et ses conséquences. La mise en évidence des problèmes liés à l'étude de la dispersion a 
souligné la difficulté à mesurer ce trait, mais a également permis de cadrer, notamment en 
fonction des échelles spatiales et temporelles, l'étude d'un tel comportement soumis à des 
variations spatio-temporelles. Des causes internes responsables de la dispersion ont été 
démontrées, comme les traits d'histoire de vie ou le sexe. Ces causes sont liées à la condition 
interne des individus, et permettent dans certains cas de révéler des phénotypes dispersants, 
différents des phénotypes résidents (faisant référence au syndrome de dispersion). En parallèle 
de ces causes internes, des facteurs externes (environnementaux et populationnels) ont également 
été montré comme étant à l'origine des comportements de dispersion. Les résultats présentés ici 
ont amélioré notre compréhension sur les mécanismes responsables du comportement de 
dispersion. Quant à la mise en évidence de syndromes de dispersion via la condition individuelle, 
elle a servi à construire des modèles de prédiction des capacités de dispersion, particulièrement 
pour les espèces dont les données de dispersion sont manquantes. Ces travaux apportent donc (1) 
des réponses au niveau de la compréhension des pressions agissant sur le comportement de 
dispersion mais également (2) une aide aux gestionnaires grâce aux modèles de prédiction des 
capacités de dispersion dans le but d'améliorer les programmes de conservation des espèces sans 
données de dispersion disponibles. De plus, une meilleure compréhension du comportement de 
dispersion permettrait de prédire la réaction des individus face aux changements globaux. 
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 Dispersion et traits d'histoire de vie 
 
S’il est admis que le comportement de dispersion est un trait soumis à la sélection, puisqu'il peut 
apporter des bénéfices aux individus qui vont faire le choix de disperser ; alors l'étude des 
relations entre traits d'histoire de vie et dispersion est en lien avec le principe  que certains traits 
aient pu co-évolués avec ce comportement. Les résultats présentés dans le Chapitre 3 montrent 
de fortes corrélations avec les traits d'histoire de vie et les capacités de dispersion chez les 
amphibiens et chez les papillons. Il est important de noter que certains traits, notamment 
morphologiques, ne montrent pas le même sens de corrélation en fonction des groupes 
taxonomiques.  
 
 Par exemple chez les amphibiens, les capacités de dispersion sont négativement corrélées 
à la taille du corps (manuscrit 1), alors que la taille corporelle est bien souvent utilisée comme un 
proxy de la dispersion chez les mammifères et les oiseaux (Sutherland et al. 2000). En revanche 
chez les amphibiens, les capacités de dispersion sont positivement corrélées à la fécondité. Une 
relation inverse a souvent été démontrée chez les insectes, suggérant un compromis entre 
déplacement et reproduction (Denno et al. 1989). Chez les amphibiens cependant, nous avons 
fait l'hypothèse qu'une taille d'œufs importante pouvait engendrer une forte compétition entre 
apparentés au moment de la métamorphose, induisant la dispersion des juvéniles issus de ces 
pontes. L'étude de la dispersion des amphibiens reste tout de même complexe, en raison du 
manque de données concernant certains traits d'histoire de vie chez de nombreuses espèces. 
Ainsi, il semblerait que la taille de la patte soit une mesure morphologique fortement corrélée 
aux capacités de dispersion (déjà montré chez Bufo marinus; Phillips et al. 2006). 
Malheureusement cette donnée est assez difficile à obtenir. De plus, les variations individuelles 
(en lien également avec la situation géographique des populations) en termes de morphologie et 
de traits d'histoire de vie n'ont pas été prises en compte dans nos analyses, et pourraient être à 
l'origine d'un biais dans nos prédictions de la dispersion. De plus chez les amphibiens européens, 
peu de données concernant la dispersion sont disponibles. De multiples études ont souvent 
confondu migration et dispersion, rendant les analyses encore plus complexes. Nous avons 
cependant fait le choix de ne garder que la mesure maximale de mobilité observée, en partant du 
principe que la plupart des individus aurait des capacités de dispersion inférieures. De ce fait, la 
mise en place de zones de protection basée sur ces prédictions de dispersion maximale pourrait 
permettre une protection majeure des populations. Le manque d’informations cruciales sur la 
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biologie de certaines espèces d’amphibiens, nous a amené à tenter de prédire leurs capacités de 
dispersion, dans le but de mieux les protéger. En effet le groupe des amphibiens est aujourd'hui 
le groupe taxonomique le plus danger au monde, avec un tiers des espèces classées comme 
menacées par l'IUCN (IUCN 2006). L'étude du fonctionnement de leurs populations, en passant 
par l'étude de leur dispersion, devient alors primordiale dans le but d'aider les gestionnaires pour 
les plans de conservation. 
 
 Afin de palier au manque de données concernant les traits d'histoire de vie (incluant la 
dispersion) chez les amphibiens et dans le but d'approfondir notre étude, nous avons effectué des 
analyses similaires (relations entre traits d'histoire de vie et dispersion) chez les papillons 
d'Europe (manuscrit 2). Les papillons européens sont, à l'inverse des amphibiens, relativement 
bien décrits et de nombreuses données de dispersion, mesurées avec plusieurs méthodes (CMR 
ou génétique) sont disponibles (Stevens et al. 2010). Cela nous a permis d'aller plus loin dans les 
analyses et de relier les traits d'histoire de vie à la fois avec la dispersion écologique et avec la 
dispersion efficace. Cette étude a révélé de fortes corrélations entre dispersion et traits 
démographiques (comme la fécondité), mais également avec des traits de spécialisation 
écologique ou encore morphologiques (comme la taille du corps). A l'inverse des amphibiens, la 
relation entre taille corporelle et dispersion est positive. Ceci suggère que les individus les plus 
grands ont de meilleures capacités de dispersion, comme démontré chez les oiseaux et les 
mammifères (Sutherland et al. 2000). A l’instar des amphibiens, une relation positive a été 
révélée entre la mobilité et les traits liés à la stratégie r. Cela va à l'encontre de la généralisation 
d'un compromis mobilité-fécondité chez les papillons.  
 
 Tous ces résultats font référence aux syndromes de dispersion, identifiant un phénotype 
dispersant. En général, les mesures morphologiques sont souvent utilisées pour prédire les 
capacités de dispersion des espèces : la taille de l'aile chez les insectes (Ockinger et al. 2010; 
Stevens et al. 2012; Sekar 2012) ou la masse corporelle chez les oiseaux et les mammifères 
(Sutherland et al. 2000). Cependant, nous avons également montré que la seule utilisation d'une 
mesure morphologique, comme la taille de l'aile chez les papillons, permettait de prédire les 
capacités de dispersion de manière plus ou moins robuste (manuscrit 3). Nous proposons donc 
d'utiliser quelques traits d'histoire de vie, fortement corrélés aux capacités de dispersion des 
espèces, dans le but de limiter les biais de prédiction. Ces résultats évoquent que les relations 
entre taille du corps et dispersion sont plus complexes que prévu, et que d'autres traits d'histoire 
de vie sont d’avantage corrélés aux capacités de dispersion. Par conséquent, nos travaux 
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suggèrent qu'il est très probable de prédire les capacités de dispersion des espèces en choisissant 
judicieusement les proxys de dispersion utilisés. 
 
 Tous ces résultats montrent qu'il existe de fortes corrélations entre certains traits d'histoire 
de vie et dispersion, mais que ces relations ne suivent pas systématiquement le même sens en 
fonction des espèces. Il est donc nécessaire de ne pas faire de généralités sur les relations 
existantes entre traits d'histoire de vie et dispersion. De plus, il est important de noter que nos 
études sont à l'échelle inter-espèces, et que les variations individuelles en termes d'histoire de vie 
ou de morphologie n'ont pas été prises en compte, même si elles semblent négligeables (Stevens 
et al. 2010). La visée principale de ces analyses était (1) de mieux comprendre le fonctionnement 
des populations en passant par l'évolution de la dispersion et (2) de souligner l'existence de co-
évolution entre traits d'histoire de vie et capacité de dispersion. Ces relations, mettant en 
évidence des syndromes de dispersion, pourraient être applicables directement pour les stratégies 
de conservation des espèces pour lesquelles les données de dispersion sont manquantes. Ces 
stratégies passent notamment par la création de zones buffer, délimitant les zones à protéger. Les 
capacités de dispersion, pourtant cruciale, sont rarement incluses dans la délimitation de ces 
zones, généralement par manque de données. Ainsi nos résultats pourraient permettre de 
délimiter les zones de protection en prenant en compte les capacités de mobilité des espèces 
concernées, dans le but d'améliorer les programmes de conservation. Il est cependant 
recommandé d'augmenter nos connaissances sur la biologie des espèces d'amphibiens d'Europe 
en passant par l'étude de leur dispersion.  
 
 Dispersion et sexe 
 
La dispersion biaisée par le sexe est relativement bien documentée dans la littérature 
(Greenwood 1980; Clarke et al. 1997) depuis plusieurs dizaines d'années (Chapitre 4). La mise 
en évidence du sexe comme un facteur pouvant motiver la dispersion a été une découverte 
majeure dans la compréhension de ce comportement. Basé sur l'hypothèse de Greenwood (1980), 
le sexe qui aura tendance à être dispersant sera celui soumis à une forte compétition pour les 
ressources (incluant la recherche de partenaires sexuels). Par conséquent, Greenwood suggère 
que les mammifères, majoritairement polygynes, devraient montrer de la dispersion biaisée en 
faveur des mâles (du fait de leur recherche de nombreuses femelles). Il prédit également que les 
oiseaux, pour la plupart monogames, devraient montrer de la dispersion biaisée en faveur des 
femelles. Cette hypothèse a largement été démontrée via des études empiriques, et l'étude de 
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l'évolution de la dispersion biaisée par le sexe l'a également confirmée. Pourtant, il a été observé 
des exceptions à l'hypothèse de Greenwood. Des mammifères ont montré de la dispersion biaisée 
en faveur des femelles et des oiseaux ont montré de la dispersion biaisée en faveur des mâles. 
Ces observations ont évoqué l'existence d'autres pressions pouvant induire de la dispersion 
biaisée par le sexe, notamment en lien avec le système social. Après avoir listé toutes les espèces 
pour lesquelles de la dispersion biaisée par le sexe avait été identifiée (manuscrit 4), nous avons 
mis en évidence des relations entre biais de dispersion (en faveur des mâles ou des femelles) et 
traits d'histoire de vie, confirmant entres autres l'hypothèse de Greenwood. Nous avons 
également révélé des relations avec d'autres traits. Le sexe territorial et le sexe effectuant les 
soins parentaux sont des facteurs liés à la dispersion biaisée par le sexe. Ces deux derniers 
(pouvant parfois être le même sexe) profitent plus de la philopatrie, car ils connaissent bien leur 
habitat, nécessaire pour acquérir des ressources de bonnes qualité. Pour eux, la dispersion 
engendrerait trop de coûts par rapport aux bénéfices de la philopatrie, surtout dans le cas du sexe 
effectuant des soins parentaux, où la mortalité des jeunes peut augmenter sévèrement pendant la 
phase de transfert. Ces résultats ont permis d'améliorer nos connaissances sur la dispersion 
biaisée par le sexe. Cependant il est nettement recommandé d'augmenter le nombre de données 
concernant cette dispersion chez les groupes taxonomiques autres que les oiseaux et les 
mammifères. Nos analyses n'ont pas pris en compte les variations individuelles ou 
environnementales. Par exemple chez les oiseaux, la majorité des individus sont monogames, 
mais une part non négligeable d’individus bigames ou polygames est également observée  
(environ 20% en fonction des espèces). Il semble alors nécessaire d'approfondir les analyses de 
dispersion biaisée par le sexe en reliant les caractéristiques des individus dispersants. De plus les 
conditions environnementales (soumis à des variations spatio-temporelles) peuvent aussi être des 
facteurs moteurs dans la dispersion, et pourraient agir de façon totalement différente en fonction 
des sexes. 
  
 Dispersion et facteurs externes 
 
La qualité du patch d'habitat (Ehlinger 1990; Garant et al. 2005; Hedin 2003; Spinks et al. 2000) 
ou la densité de population (relation positive: Baguette et al. 1996, 1998; Enfjäll & Leimar 2005; 
Nowicki & Vrabec 2011; Odendaal et al. 1989; Shapiro 1970; relation négative : Gilbert & 
Singer 1973; Kuussaari et al. 1996, 1998) sont des facteurs connus responsables du 
comportement de dispersion (Chapitre 5). Afin de regarder si ces facteurs agissaient de la même 
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manière sur la dispersion des individus, nous avons testé cette hypothèse sur une espèce de 
papillon, la piéride du chou (Pieris brassicae). Nos travaux ont donc testé l'impact de différentes 
qualités d'habitat en milieu expérimental sur la dispersion de la piéride du chou (manuscrit 5). 
Dans un premier temps, nous avons observé une dispersion biaisée en faveur des femelles à 
l'intérieur de notre expérimentation. Les papillons avaient tendance à disperser plus dans les 
cages où la qualité d'habitat était mauvaise (faible recouvrement végétal). Cette fuite des patches 
d'habitat de mauvaise qualité peut s'expliquer par le fait que les coûts engendrés par l'habitat 
(mauvaise qualité des ressources) deviennent supérieurs aux coûts engendrés par la dispersion. 
Les individus vont donc faire le choix de disperser, puisque la balance coûts/bénéfices de la 
dispersion tend vers les bénéfices de cette dernière. De plus, nous avons montré une relation 
entre climat et dispersion, où les papillons vont avoir tendance à plus disperser lorsque la 
température et la luminosité sont élevées, et lorsque l'hygrométrie est faible. Des mécanismes 
physiologiques peuvent expliquer cette relation. Les papillons sont ectothermes et vont donc 
devoir adopter des stratégies de thermorégulation afin d'utiliser leur énergie de façon optimale. 
Une forte chaleur et une importante luminosité vont les aider à thermoréguler et ainsi leur 
permettre d'utiliser leur énergie dans le vol (dispersion) par exemple. En parallèle de l'impact des 
facteurs externes sur la dispersion, nous avons également mis en relation dans cette étude la 
décision de disperser et certaines mesures morphologiques ou traits d'histoire de vie. Nous avons 
montré que les individus dispersants dans notre système étaient des individus à grande taille 
d'aile ayant effectué de bonnes performances de vol en laboratoire. Cette relation fait encore une 
fois référence au syndrome de dispersion.  
 
 Cependant, il est fort probable que des facteurs externes agissent de façon différente sur 
les individus en fonction des sexes. Afin de tester cette hypothèse, nous avons une nouvelle fois 
utilisé la piéride du chou (Pieris brassicae) comme espèce modèle, dans un système 
expérimental, le Métatron. Cette espèce effectue de la dispersion biaisée en faveur des femelles 
(Legrand et al. in prep.). Puisque la densité de population semble être un facteur agissant sur la 
dispersion (relation positive ou négative; Clobert et al. 2009) et que le nombre de partenaires 
sexuels disponibles dans un patch d'habitat pourrait également être un facteur motivant la 
dispersion, nous avons testé l'impact de populations à sexe ratio déséquilibré sur la dispersion 
dans un système expérimental, le Métatron (manuscrit 6). Nous avons mis en évidence un impact 
différent du sexe ratio sur la dispersion des mâles et des femelles. Les mâles ont, comme intérêt 
évolutif, de s'accoupler avec un maximum de femelles possibles. Une population biaisée en 
faveur des mâles va donc limiter leur accès à la reproduction. Par conséquent, ceci va engendrer 
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une forte compétition entre mâles qui pourrait être à l'origine de la dispersion des mâles dans les 
populations biaisée en faveur de ces derniers. A l'inverse, les femelles ne dispersent pas plus 
lorsqu'elles sont nombreuses dans les patches d'habitat. Elles vont choisir de disperser d’avantage 
lorsque les mâles sont nombreux. Cet évitement des mâles par les femelles a déjà été démontré 
chez plusieurs espèces. Dans le cas de la piéride du chou, les mâles harcèlent les femelles pour 
l'accès à la reproduction. Ces dernières vont donc avoir tendance à fuir une population où les 
mâles sont très nombreux. De plus, nos résultats n'ont pas montré de dispersion biaisée en faveur 
des femelles dans nos traitements. Cela suggère que les pressions exercées sur les deux sexes 
dans des conditions de sexe ratio déséquilibré vont mener à des taux de dispersion similaire entre 
les deux sexes. Ainsi notre étude souligne l'effet différent d'un facteur populationnel soumis à 
des variations spatio-temporelles sur la dispersion en fonction du sexe. Ce résultat met de 
nouveau en évidence la complexité de l'étude de la dispersion. 
 
 Perspectives 
 
Ce travail nous a permis de mettre en lumière certains facteurs responsables de la dispersion chez 
plusieurs espèces dans le but d'améliorer notre compréhension sur les mécanismes qui 
influencent la dispersion. Cependant, la plupart des résultats présentés ici ne traitent que de la 
dispersion écologique, que ce soit au niveau des bases de données utilisées, et au niveau des 
études expérimentales. Afin de compléter notre travail sur la dispersion, il est nécessaire de 
suivre également les flux de gènes existants entre les populations. Pour cela plusieurs analyses 
génétiques nous permettant de mettre en évidence de la dispersion efficace (quels individus 
dispersants se sont reproduits?) ont été effectuées. Nous pourrons ainsi mettre en relation les 
deux types de dispersion et également faire le lien entre dispersants s'étant reproduits et trait 
d'histoire de vie, sexe, et facteurs externes. Selon des études similaires, un compromis entre 
reproduction et dispersion devrait être trouvé. En effet ceci a déjà été démontré chez de 
nombreuses espèces d'insectes (Rankin & Burchsted 1992; Roff & Fairbairn 1991; Zera & 
Denno 1997). Nos analyses, issues des manuscrits 1 et 2, ont cependant révélé une relation 
positive entre fécondité et dispersion. La compréhension des mécanismes agissant sur la 
dispersion reste encore à étudier, dans le but de mieux comprendre ce processus et de pouvoir 
notamment l'appliquer en biologie de la conservation afin de mieux gérer les populations 
d'espèces, principalement celles menacées. 
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Papillons monarques (Danaus plexippus), Mexico. Photographiés par Joel Sartore. 
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dispersal of organisms generates gene flow between 
populations. identifying factors that influence dispersal will 
help predict how species will cope with rapid environmental 
change. We developed an innovative infrastructure, the 
metatron, composed of 48 interconnected patches, designed 
for the study of terrestrial organism movement as a model 
for dispersal. corridors between patches can be flexibly open 
or closed. temperature, humidity and illuminance can be 
independently controlled within each patch. the modularity 
and adaptability of the metatron provide the opportunity for 
robust experimental design for the study of ‘meta-systems’. 
We describe a pilot experiment on populations of the butterfly 
Pieris brassicae and the lizard Zootoca vivipara in the metatron. 
Both species survived and showed both disperser and resident 
phenotypes. the metatron offers the opportunity to test 
theoretical models in spatial ecology.
Space plays a pivotal role in the understanding of most evolution-
ary and ecological processes1. Dispersal behavior—that is, the way 
individuals move across landscapes and induce gene flow among 
populations2—is a focal theme in spatial ecology. Identifying 
which ecological and evolutionary factors shape dispersal is criti-
cal for the understanding of how species will cope with shifting 
environmental conditions associated with global climate changes 
and habitat destruction3–5. Knowing the speed and magnitude of 
changes in species distribution ranges will help to anticipate the 
dislocation of ecosystems and ecosystem services6.
Studying dispersal requires a good understanding of its three 
basic stages: emigration (decision to leave a habitat), transfer 
(movement across often unviable habitats) and immigration (set-
tlement in a new habitat). These three stages can be modulated 
the metatron: an experimental system to study 
dispersal and metaecosystems for  
terrestrial organisms
Delphine Legrand1,2, Olivier Guillaume1,13, Michel Baguette1,2,13, Julien Cote3,4, Audrey Trochet1,  
Olivier Calvez1, Susanne Zajitschek1,5, Felix Zajitschek1,6, Jane Lecomte7–9, Quentin Bénard10,  
Jean-François Le Galliard11,12 & Jean Clobert1
by the same or by different factors, with dispersal being the result 
of interaction between all influencing factors at each stage of 
the process5.
Dispersal studies were hitherto mainly restricted to the obser-
vation and modeling of natural systems, without the possibility of 
experimentally validating the resulting predictions. Many stud-
ies of dispersal and global warming have been performed (some 
are ongoing) using replicates of natural fragmented landscapes at 
various spatial scales, from patches of mosses (on a scale of deci-
meters squared) to forest ecosystems (on a scale of hectares)7–12. 
Among them, the Savannah River Site Corridor Experiment con-
siders eight replicates of patchy landscapes to study dispersal in 
terrestrial organisms with an emphasis on the role of ecological 
corridors in the maintenance of biodiversity9–11. However, none 
of these studies provided control over spatial configurations and 
other relevant factors involved in the dispersal response, such as 
climatic conditions or population densities. Most experimental 
arenas dedicated to dispersal studies that allow full control of driv-
ers are laboratory microcosms, a setup that restricts the choice of 
biological models to small organisms13–15. Experimental systems 
are needed that allow a direct validation of dispersal-related pre-
dictions at a more appropriate spatial scale. Outdoor experimental 
arenas for studying dispersal in lizards16–18 and mammals19 have 
been developed; however, these systems are not easily adaptable 
to other organisms, lack control over environmental parameters 
and are limited in the number of species and experimental units 
and in the size of the arenas.
We therefore developed the Metatron, a unique experimen-
tal infrastructure composed of 48 interconnected patches. The 
Metatron can host a broad set of terrestrial organisms and is 
dedicated to the study of dispersal within metapopulations20, 
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UMR 8079, Orsay, France. 8CNRS, UMR 8079, Orsay, France. 9AgroParisTech, Paris, France. 10Délégation Midi-Pyrénées, CNRS, Toulouse, France. 11Centre de 
Recherche en Ecologie Expérimentale et Prédictive (CEREEP)–Ecotron IleDeFrance, CNRS and Ecole Normale Supérieure, UMS 3194, St-Pierre-lès-Nemours, France. 
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metacommunities21 and metaecosystems22. It offers experi-
mental control of spatial and climatic factors in semi-natural 
conditions and thus aims at filling the gap between studies in 
natural systems and experiments in small microcosms. The 
Metatron is an open-access infrastructure run by the Analysis 
and Experimentation on Ecosystems Services (ANAEE-S) ANR 
program. The procedure for research groups to gain access to 
the Metatron (Supplementary Note) is described at http://www.
ecoex-moulis.cnrs.fr/experimental-plateform/article/procedure-
to-access-the-metatron/. The Metatron will be useful to address 
key issues in the field of global change ecology.
results
the metatron
We developed an infrastructure composed of 48 interconnected 
caged patches located on 4 ha of land (Fig. 1a,b). This allows 
up to three replicates in an experimental design involving three 
factors and their interactions in complex spatial configurations 
(Fig. 1c,d). The volume of a patch is 200 m3 (10 m × 10 m × 2 m), 
and patches are connected to their neighbors by 19-m-long cor-
ridors (Fig. 2a). The structure is covered with insect-proof nets 
(mesh = 920 µm) and enclosed with a solid plastic base buried 0.5 m 
deep to restrict movement of individuals below the ground. The 
quality of patches can be manipulated according to the experi-
mental design by planting selected species, pruning the vegetation 
or installing rocks or other obstacles.
The quality of corridors will also depend on experimental 
design. In natural situations, the quality of linkages between 
populations ranges from completely hostile environments to more 
favorable environments. We developed corridors that mimic unfa-
vorable habitats that are challenging to cross in order to discrimi-
nate between dispersal and resident phenotypes. Alternatively, 
corridor habitat quality could equal the patch habitat quality, 
simulating ‘ecological corridors’.
Corridor entries represent less than 2% of the total vertical 
surface area of patches, and illumination is lower and temper-
ature is higher in corridors than in patches. Vegetation height 
and structure can be manipulated to change corridor ‘viscosity’ 
(resistance to the movement of dispersing individuals). Corridors 
can be opened or closed between selected patches, and the entries 
can be split into two on the basis of height to favor dispersal 
of flying or ground-dwelling organisms (Fig. 2b). Corridors are 
divided lengthwise, which allows bidirectional monitoring of 
movements16 (Fig. 2a–c).
For example: consider two patches, A and B, connected by 
a twin system composed of corridors 1a and 1b. When corridor 
1a is open and corridor 1b is closed in patch A while corridor 1a 
is closed and corridor 1b is open in patch B, only one-way move-
ments are allowed (from patch A to B via corridor 1a, from patch B 
to A via corridor 1b). It is then possible to precisely monitor the 
number of emigrants from a given patch moving into each con-
nected target patch, either by trapping individuals at the extremi-
ties of corridors (Fig. 2c) or by recording their movement with 
tags (automatic devices using individual radio-frequency iden-
tification chips). Corridors in the Metatron have two linear sec-
tions angled at the center (Fig. 2d), a configuration that prevents 
an animal from seeing the neighboring patch at the time of the 
emigration decision and until it is halfway through the corridor.
Within patches, natural ground-vegetation microhabitats spe-
cific to the chosen model organism can be recreated (Fig. 2e). 
At the patch center, standard sensors routinely record tempera-
ture, humidity and illuminance; additional sensors can be added 
on demand. Continuous records are automatically compiled by 
the TAC Vista program (Tour Andover Controls and Schneider 
Electric), an application specifically developed for the Metatron 
(Fig. 3). Microclimatic conditions within each patch differ slightly 
from external conditions because of the greenhouse effect asso-
ciated with patch enclosure. Between July and December 2010, 
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Figure  | Layout of the Metatron. (a) Spatial arrangement of the Metatron. Two sets of 24 patches installed in a 6 × 4 configuration (1–24 and 
25–48) have been constructed on a 4-ha parcel. (b) Aerial photograph of the Metatron. On the right, shutters are closed on the top of 17 patches. 
(c) Example of experimental design with three factors (1–3) with binary states (such as presence/absence) in three replicates. The eight possible 
combinations are in different colors. Spatial arrangement of replicates is random. (d) Examples of simultaneous complex experimental designs. White, 
two-dimensional stepping stones; blue, two replicates of linear stepping stones; black and gray, two replicates of three connected patches in which 
individuals of the central population have the choice to disperse into empty patches (gray), into one occupied and one empty patch, or into two 
occupied patches (black); red, starlike configuration in which individuals of the central population have the choice to disperse in all directions into 
empty patches (pale red).
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inside mean temperature was on average 0.82 °C higher than out-
side mean temperature (F test, P = 0.05, Fig. 4). Motor-driven 
shutters above the patches can be automatically opened or closed 
from 0 to 100% on each side of the roof to generate shade (Figs. 1b 
and 2a). Intermediate closure of these shutters creates hetero-
geneous climatic conditions both between and within patches. 
Rotating sprinklers placed at the center of patches simulate rainfall 
or allow moisture to increase the air and soil humidity (Fig. 2a,e). 
The shutter and sprinkler systems can be independently activated 
within patches for predefined time intervals. Patch-specific tem-
perature and illuminance instructions drive the activation of the 
shutter system, and humidity instructions activate the sprinkler 
e
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Figure  | Description of patches and corridors. (a) Layout of four patches  
of the Metatron. Sprinklers and sensors recording temperature (T), humidity (H) and  
illuminance (I) are at the centers of the patches. The lower-right patch is represented  
with total enclosure of its roof. Dimensions are in meters. (b) Corridor entries  
showing the twin system. The left corridor is opened to favor flying-animal crossings;  
the right corridor is opened to favor nonflying-animal crossings. (c) Schematic  
showing trap configuration in twin corridors (these may be pitfall traps or insect or  
bird nets, depending on the needs of the experiment). Arrows indicate the release  
of trapped individuals in the arrival patch. (d) Interior of a corridor showing the  
beginning of the central elbow. (e) Interior of a patch. Artificial elements (flower  
pots, thermoregulation sites in wood and rocks) provide microhabitat heterogeneity  
and can be designed to provide resources mimicking the natural habitat. The sensors  
and sprinkler are protected with plastic and labeled with the patch identification number.
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Figure  | Measurement and control of climate parameters. (a) Representation of the network allowing data acquisition and parameter control via the TAC 
Vista application. (b) Representation of the user interface of the TAC Vista application. Parameters of each patch are represented in a single white box. 
Dmd Shade parameter means ‘demand for shade’. Twelve patches are shown here. (c) Representation of the instructions for a target patch.
313
©
20
12
 N
at
ur
e 
A
m
er
ic
a,
 
In
c.
 
 
A
ll 
rig
ht
s 
re
se
rv
ed
.
4  |  ADVANCE ONLINE PUBLICATION  |  nAture methods
Articles
system. Automated instructions can be programmed through TAC 
Vista (Fig. 3b,c). This integrated system permits the creation of 
environmental gradients; continuous recording within each patch 
provides for a feedback control of the artificial climate (Fig. 5).
survival, dispersal and metapopulation dynamics
We studied two biological models in the Metatron, conducting 
preliminary tests aimed at determining survival and dispersal 
tendencies. We mimicked classic metapopulations, defined as 
groups of local populations in which the movements of indi-
viduals between habitat patches is possible20, using high-quality 
patches with resources (food, water, shelter and host plants), and 
inhospitable corridors.
The common lizard (Z. vivipara) is a small lacertid inhabiting 
humid habitats in Eurasia. In August 2010, we released 208 females 
and 131 males into 14 patches of the Metatron, with each patch 
connected to two other patches (an empty and another occupied 
patch). Dispersal movements were monitored by checking traps at 
the end of each corridor daily (Online Methods) from August to 
October and from March to April (winter months were excluded 
because of hibernation). In total, 72 individuals (21%) crossed 
a corridor at least once. Among these, 34 individuals crossed a 
corridor a second time (47%). In June 2011, all surviving lizards 
were recaptured and kept in the laboratory until the females gave 
birth. Yearly survival probability in this experiment was 0.49 for 
both females and males; 23 females and 14 males were captured in 
previously empty patches, and populations in 2 of the 14 patches 
became extinct. Of the 102 recaptured females, 72 were gravid. 
Clutch size was 6 ± 0.24 s.d. and the proportion of live hatchlings 
within clutches was 81 ± 3% s.d.
In lizards, survival rates in natural conditions vary between 
recently translocated individuals, defined as individuals recently 
added to natural populations (adult females: 0.31, adult males: 
0.21), and resident individuals, defined as individuals originally 
from natural populations (adult females: 0.70, adult males: 0.51)23. 
In the Metatron, adult survival rates were much higher than those 
of recently translocated individuals in the wild but lower than 
those of resident individuals in the wild. Dispersal rates, clutch 
size and clutch success 1 year after the start of the experiment 
were similar to those observed in natural populations23.
The large white butterfly (P. brassicae) is a nomadic butterfly 
with a 1-month generation time. Adults constantly explore their 
environment to acquire the resources they need, and dispersal may 
occur any time in an individual’s life24. We released 211 butterflies 
over four sessions within eight patches of the Metatron, with each 
patch connected to another empty patch, and left individuals in 
the system until death. The position of each butterfly was recorded 
by daily capture sessions, and each butterfly was released at its 
capture position after identification. Daily capture probability was 
equivalent between sessions and different between sexes: 0.82 for 
females and 0.75 for males. In contrast, survival probability was 
not dependent upon sex, but it varied between capture sessions. 
Lifespan varied between 1 and 21 d for females (mean ± s.d. = 7.35 ± 
3.99 d) and between 1 and 14 d for males (mean ± s.d. = 6.28 ±  
3.28 d). Survival was dependent on the age at release in both males 
(n = 98, P < 0.001, R2 = 0.1027) and females (n = 113, P < 0.001, 
R2 = 0.1329). Less than 15% of the total variance in the minimal 
survival of both sexes was due to the time spent in the laboratory 
before release. In butterflies, reliable information about fitness in 
natural conditions is not available. A comparison between survival 
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in the Metatron and in the laboratory revealed that outdoor con-
ditions in the Metatron were less favorable than fully controlled 
laboratory conditions with 14:10-h light:dark cycles at 23 ± 1 °C 
(female survival in the laboratory = 18.65 ± 0.17 d, n = 2,807 and 
16.43 ± 0.18 d for males, n = 2,952; error in s.d.).
Among the 178 recaptured butterflies (83 males, 95 females), 50 
individuals (14 males, 36 females, 28% total) crossed a corridor 
at least once, which is in the range of dispersal rates in natu-
ral metapopulations25. After release, we verified that butterflies 
showed natural behaviors: they explored the initial patches, flew, 
fed, and chased conspecifics). Dispersers (defined as individuals 
that crossed a corridor at least once) were present in each of the 
eight replicates. Among these, 52% performed at least two succes-
sive crossings (9 males, 17 females). Females laid 43 egg clutches, 
of which 5 were laid in previously empty patches by dispersers. In 
total, 229 butterflies were recruited from the clutches, of which 8 
originated from previously empty patches. Three out of the eight 
populations became extinct at the next generation.
discussion
We present a unique infrastructure, the Metatron, to study 
dispersal in a wide range of species in controlled semi-natural 
conditions. The Metatron offers the possibility of imposing 
warmer-than-ambient conditions and of creating environmen-
tal gradients to test how climate changes may impact organism 
mobility. Unlike natural systems, the Metatron provides data on 
interpatch movements of a large number of individuals during 
their entire lifetime. Populations can be established within large 
habitat patches connected by unfavorable habitats, both in terms 
of size and environmental conditions, within which all individual 
movements can be recorded at an unexplored spatial scale. The 
spatial arrangement of the patches and the modularity of the cor-
ridors allow users to perform experiments according to various 
population models, including stepping stones.
In our pilot studies, we could distinguish ‘residents’ (those indi-
viduals that stayed in the same patch during the entire experi-
ment) and ‘dispersers’ (those individuals that crossed corridors 
and moved from one patch to another). We have further observed 
that individuals inclined to each strategy were also characterized 
by a suite of other phenotypic traits, including flying performance 
and sex in butterflies (D.L. et al., unpublished data) and body 
size, ventral coloration and behavioral traits in lizards (J. Cote 
and J. Clobert, unpublished data). We recorded U-turn behavior 
of butterflies entering the corridors and immediately returning 
to the patch. Such 180° changes in flight direction at the edge of 
favorable patches have been described as reluctance to leave suit-
able habitat patches in natural populations and are characteristic 
of resident phenotypes25,26.
We believe that movement between patches in the Metatron can 
serve as a model for dispersal in natural conditions. First, as in 
natural conditions, we observed different dispersal phenotypes. 
Second, the Metatron successfully mimics the three basic stages 
of dispersal. As such, experiments aimed at studying the effect of 
density, sex ratio or habitat quality on dispersal decision can be 
established in the Metatron. Experiments dealing with informed 
dispersal (dispersal decision based on information provided 
by immigrants regarding alternate habitat5) may also be effec-
tively undertaken. Third, successive crossings between patches, 
extinctions of populations and the settlement of individuals 
and their subsequent reproduction in initially empty patches 
indicate that the Metatron can be used to study colonization 
dynamics. In both a long- and a short-lifecycle species, and in a 
flying and nonflying species, reproductive events were observed 
in occupied and colonized patches. We thus speculate that the 
system should be useful for studying long-term metapopulation 
dynamics27 for a range of organisms.
If the appropriate vegetation and microhabitat are provided, 
the Metatron is suitable for studying a range of terrestrial organ-
isms including terrestrial plants, molluscs, arthropods, reptiles 
and small mammals, as well as some amphibians and some semi-
aquatic species. It should also offer the possibility of observing 
between-species interactions such as predator-prey interactions 
or interspecific competition for space or resources, opening 
interesting perspectives to study metacommunities. Promising 
applications include studying the impact of global changes on 
the temporal and spatial asynchrony between predators and prey, 
disentangling the effects of intra- and interspecific diversity on 
the movements between communities, and testing for connectiv-
ity effects on species interaction. Finally, the Metatron enables 
the reconstruction of complex ecosystems in specific patches and 
the option to add new automatic sensors (such as for pH, redox 
potential or nutrient concentrations) to evaluate flows of energy 
and material, in addition to flows of individuals, for the study of 
metaecosystems. Studying the ability of ecosystems to recover 
stable states after perturbations would be of particular interest in 
the context of increasing anthropogenic pressures.
Nevertheless, some limitations must be considered, and results 
obtained in the Metatron should be extrapolated to natural sys-
tems with caution. First, the Metatron patch size may not be rep-
resentative of the natural patch size for many species, although we 
note that previous studies have demonstrated that local patterns 
of dispersal can be scaled up to reveal larger-scale patterns10,28. 
Second, the enclosure of the patches implies that the population 
dynamics expected in the Metatron may be different from those 
in natural systems. Indeed, (i) population sizes are constrained, 
which can lead to more frequent extinction-recolonization events, 
and (ii) populations evolve within closed environments. Rather 
than being purely limiting, however, these two features also offer 
exciting perspectives for conservation biology, which deals pre-
cisely with the problems associated with restricted population 
sizes and directional selection. Third, the narrow and relatively 
short corridors are not representative of the connectivity of many 
natural systems. Complete duplication of real dispersal distances 
of medium-sized organisms, varying from a few meters to tens of 
kilometers, is obviously impossible. The Metatron, however, trades 
off dispersal distance against corridor viscosity. Particularly hostile 
corridors will lead to situations in which individuals in the transfer 
phase of the dispersal process will be confronted with highly chal-
lenging situations, just as individuals dispersing in a natural highly 
fragmented landscape. This distance-viscosity trade-off must be 
considered before applying the results to natural systems.
The Metatron paves the way for significant knowledge break-
throughs in spatial ecology, provided that extrapolations to natu-
ral systems are carefully weighted according to the Metatron’s 
inherent constraints. This system should enable experimental 
validation of concepts describing the movement of organisms 
between spatially separated habitats and the environmental fac-
tors affecting these movements. This is a crucial and timely issue, 
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as insights from these theories influence biodiversity conservation 
in the face of the destruction of natural habitats and its interaction 
with climatic change. The Metatron offers ecologists the possibil-
ity of conceiving robust experimental designs aimed at testing 
hypotheses at a new spatial scale, and thus of validating currently 
untested predictive models.
methods
Methods and any associated references are available in the online 
version of the paper.
Note: Supplementary information is available in the online version of the paper.
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Lizard experiment. In July 2010, 208 female and 131 male 
lizards were captured in the Cevennes (Mont Lozère, South of 
France, 44°27′N, 3°44′E) and brought to field station of Moulis 
(Centre National de la Recherche Scientifique, Ariège, France). 
Individuals were individually marked and kept in the laboratory. 
To provide each individual with the same standardized environ-
ment (for example: food, water, heat and social interactions), 
lizards were individually housed in plastic terrariums with a 3-cm 
litter layer. In one corner of the terrarium, a bulb provided heat 
for thermoregulation and light from 9:00 to 12:00 and from 13:00 
to 17:00. A piece of cardboard and a plastic tube were provided 
as shelter. Individuals were thereafter released into 14 patches 
(August). Each patch was connected to two other patches (an 
empty patch and another occupied patch) by two twin corridor 
systems as described in the Results. The corridors had low light 
penetration precluding thermoregulation, and they therefore 
represented a hostile habitat for lizards. We thus excluded the 
possibility of lizards traveling through these corridors as part of 
their routine daily movements. Lizards traveling through these 
corridors were caught in a 30-cm-deep pitfall trap at the end of 
the corridor and released into the patch they were moving toward. 
Dispersal was monitored from August until the end of October 
and from March to April (winter months were excluded because 
of the hibernation of this species). Checking of pitfall traps was 
always performed using the same protocol to limit the impact of 
the experimenter. The lizards captured in the pitfall traps were 
considered ‘dispersers’, whereas those remaining in their release 
patch were considered ‘residents’. The length of the dispersal 
corridors corresponds to the distance covered by dispersers in 
nature18. Individuals covering such distances in nature have been 
defined as dispersers because they very rarely return (2% of all 
movements)29. In June 2011, all surviving lizards were recaptured 
during ten successive sessions (hand recaptures). Given the high 
cumulative capture rate (98%; ref. 18), noncaptured lizards were 
considered dead. Surviving females were housed in individual 
terrariums under standardized conditions until they gave birth.
Ethical issues have been supervised by a local committee of 
Toulouse University.
Butterfly experiment P. brassicae caterpillars originated from 
Ariège (France) and were reared in climatic chambers at 23 °C 
under photoperiodic conditions (light:dark 14:10 h) with food 
provided ad libitum. Butterflies were marked individually, kept in 
the lab and fed with flowers until sufficient numbers of individu-
als for the Metatron experiment were produced. Emerging butter-
flies were then released 1 d after emergence into the Metatron over 
four sessions between 15 and 23 September 2010. The first release 
session of 120 butterflies was followed by three more releases over 
2 weeks to maintain a constant density in the patches. The experi-
ment ended with the death of the last butterfly. A total of 211 
butterflies, 113 females and 98 males, were released at the center 
of eight patches, each of which was connected to a single empty 
patch by a single corridor. Individuals could therefore stay in the 
release patch or cross the corridor to the empty patch. Within 
each patch, feeding flower pots and host plant pots were placed in 
the same position to ensure favorable life conditions. The position 
of each individual in the system was then recorded during capture 
sessions performed twice a day. Each individual was released at 
the point of capture. In total, 29 capture sessions were performed 
over 28 experimental days. As with the lizard experiment, capture 
sessions were always performed using the same protocol within 
each patch to limit the experimenter impact. It is noteworthy that 
this protocol corresponds exactly to the one used during field 
investigations of butterfly metapopulation dynamics30. Survival 
and capture probabilities were estimated using MARK31 under the 
Cormack-Jolly-Seber Model. The general model included both 
time and sex effects with their interaction. The relevance of the 
inclusion of each parameter was assessed by using the Akaike 
information criterion (AIC). The best model was selected in cases 
where ∆AIC with the second-best model was <2. Minimal sur-
vival was estimated for each individual as the number of days 
from emergence to the last capture. To determine the impact of 
the time spent in the laboratory before release on survival, we 
performed a linear model using the R software v.2.12.1. Data were 
log transformed to achieve normality.
‘Dispersers’ were defined as individuals that entered a corridor 
at least once, whereas ‘residents’ were defined as individuals that 
stayed in the release patch throughout their lifetime (excluding 
individuals never captured after their first release session); that 
is, dispersers and residents were defined in the same manner as 
for the lizard experiments. Successive crossings were defined as 
each reverse movement in the system: from the corridor to the 
release patch, from the empty patch to the corridor or from the 
empty patch to the release patch. Host plants were checked daily 
for the presence of egg clutches. Each egg clutch was brought to 
the laboratory until hatching, and caterpillars were reared in the 
same conditions as their parents until emergence.
29. Massot, M. & Clobert, J. Processes at the origin of similarities in dispersal 
behaviour among siblings. J. Evol. Biol. , 707–719 (2000).
30. Baguette, M., Clobert, J. & Schtickzelle, N. Metapopulation dynamics of 
the bog fritillary butterfly: experimental changes in habitat quality 
induced negative density-dependent dispersal. Ecography 4, 170–176 
(2011).
31. White, G.C. & Burnham, K.P. Program MARK: survival estimation from 
populations of marked animals. Bird Study 4 (suppl.), 120–139 (1999).
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Abstract 
 
The world's biodiversity is currently in rapid decline - Europe being no exception - with as 
principal cause a human-mediated global change. The Natura 2000 network is an important 
conservation tool for European biodiversity; it is a network of natural and semi-natural sites 
within Europe with high heritage values due to the exceptional flora and fauna they contain. 
Here, we evaluated the coverage of 300 threatened species by the Natura 2000 network, and 
determined potential factors influencing the designation of sites and the structure of the network 
within a country (social, ecological and demographic national factors). Our analysis was based 
on a coverage ratio between the Natura 2000 sites and distribution maps of threatened European 
species. We showed that the distributions of a large proportion of threatened species of 
mammals, birds and reptiles considered in our study were highly covered (above 90%) by the 
current Natura 2000 network, demonstrating that the Natura 2000 network also covers species 
not listed in the annexes of the Nature Directives. However, our results confirm that a large 
proportion of threatened species (some of them listed on the European annexes), especially 
fishes, are currently poorly covered by the Natura 2000 network. The coverage of species likely 
seemed to be highly related to national demographic factors, as the proportion of the national 
urban population. Our analysis also suggested that the designation of sites depends too strongly 
on governmental politics, economic and cultural criteria, and interactions between society and 
the environment. A more effective process might be necessary to ensure the Natura 2000 
network reaches its potential as the most important and comprehensive network of protected 
areas intended to halt the loss of biodiversity in Europe in the near future.  
 
Keywords: reserve sites, threatened species, biodiversity loss, conservation tools 
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1. Introduction 
 
The world's biodiversity is currently in rapid decline. In recent decades, this trend has accelerated 
globally, Europe being no exception. The international community reacted by adopting the Rio 
de Janeiro Convention on Biological Diversity (CBD) in 1992 (Balmford et al. 2005; Vie et al. 
2008), which the European Community ratified in 1993. The CBD recommends that strategies 
that aim to ensure the conservation and sustainable use of biodiversity by anticipating and 
preventing significant reduction in or loss of biodiversity (for Europe see DG Environment 2002) 
need to be adopted. In response to the CBD, Europe established a network of protected sites 
called Natura 2000. The Natura 2000 network is governed by the Directive 79/409/EEC, adopted 
in April 1979 for the conservation of wild birds (also called "Birds Directive") and the Directive 
92/43/EEC, adopted in May 1992 for the conservation of natural habitats, wild fauna and flora 
(also called "Habitats Directive"). Even if the Natura 2000 network is a European network of 
natural and semi-natural sites with high heritage values due to the exceptional flora and fauna 
they contain, the effectiveness of this network still remains unclear (Gruber et al. 2012). 
 
 The goal of the Natura 2000 network is to maintain the biological diversity of 
environments, while taking into account economic, social, cultural and regional logic of 
sustainable development. Compared to other nature conservation programs (Ramsar 
(www.ramsar.org) and MedWet (www.medwet.org), the Natura 2000 network can be considered 
as the main contribution by the European Union (EU) to fulfil the recommendations of the CBD, 
aiming to establish regional and national systems of protected areas on land (by 2010) and sea 
(by 2012). Currently, the Natura 2000 network covers almost 18% of the area of the 27 member 
states (more than 26,000 sites; European Commission 2010), covering all biogeographical 
regions of Europe, each site with its own characteristic blend of vegetation, climate and geology.  
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 The Natura 2000 network comprises two major site categories, Special Protection Areas 
(SPAs) and Special Areas for Conservation (SACs). SPAs are sites of conservation value for rare 
and threatened European bird species designated internationally under the Birds Directive (DG 
Environment 1979). Special Areas for Conservation (SACs) are sites to protect plants, animals 
and wildlife habitats of EU importance as designated by the Habitats Directive (DG Environment 
1992). For SPAs and SACs, the percentage of national territory designated to the Natura 2000 
network ranges from 3% in Ireland to 25.1% in Slovakia and from 6.8% in the United Kingdom 
to 31.4% in Slovenia respectively (DG Environment 2010; but see also Evans 2005). Both SPAs 
and SACs can overlap, but differ in their designation processes. 
  
 While the designation of SPAs is based on the presence of bird species listed in the 
annexes of the Birds Directive, including a validation stage of the EU, SACs designation 
(Habitats Directive) is more complex and involves several stages (Evans 2012). Nationally, 
Natura 2000 sites are selected on the basis of national lists proposed by the member states. For 
each biogeographical region, the European Commission adopts a list of Sites of Community 
Importance (SCI) which then become part of the network. Finally, the SCI are designated at the 
national level as Special Areas of Conservation (SAC) which subsequently undergo 
implementation measures. Faced to this complex method of establishment, the European 
Directives did not specify the method of consultation to be followed for reserve site selection. 
Therefore, management of the Natura 2000 network and the responsibilities of member states 
remain unclear, and so far have not followed a standardized framework (DG Environment 2002). 
Procedures have varied considerably between member states according to their administrative 
system. The detailed work involved is often delegated to various national agencies or, in the case 
of federal states, to regions. Several studies (Alphandéry and Fortier 2001, Pinton 2001, Mischi 
2009) focused on problems in the identification of sites (SACs and SPAs) at the national level (in 
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France), corresponding to the first phase of implementation guidelines. Similar problems, e.g. 
administrative, scientific (lack of data and tools) and social, were also encountered in other 
countries (in UK: Ledoux et al. 2000; in Greece: Apostolopoulou and Pantis 2009; in Finland: 
Björkell 2008, Hiedanpää 2002; in Germany: Stoll-Kleeman 2001a, b; in Ireland: Bryan 2012) 
and at the European scale (Keulartz 2009; Julien et al. 2000; Jackson 2011). Many environmental 
diagnoses were questioned, notably for potentially unreliable methods due to insufficient 
financial and human resources and a lack of data control, which slowed the implementation of 
new Natura 2000 sites at local level.   
 
 Species listed in the annexes of the European Directives depend on the criteria from the 
European and Member state's scales. Consequently, several species listed in these annexes are 
not mentioned on the IUCN Red List and vice versa. However, despite not being the primary 
aim, the Natura 2000 network might help to protect all threatened species. Here, we were 
interested in the effectiveness of the Natura 2000 network to cover also non-target, but 
threatened species [IUCN Red List categories: vulnerable (VU), endangered (EN) or critically 
endangered (CR)]. We were especially interested in the following questions: Are there 
differences in the coverage related to countries, taxonomic groups or biogeographical regions? 
Can the differences between countries be explained by national indicators such as population 
density, gross domestic product, etc.? Because an arbitrary threshold, such as 10 % of the area, is 
often assumed to assure an efficient protection to a species (Rosati et al. 2008), we also focused 
our analysis on species with a coverage of less than 10% by the Natura 2000 network.  
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2. Methods 
 
 The distribution areas of threatened species as listed on the IUCN Red List were studied 
within the Natura 2000 network at the national scale, at the scale of the biogeographical regions 
and at the European scale. For abbreviations of each member state from the European Union we 
followed the two-letter nomenclature established for internet resources (i.e. FR = France, DE = 
Germany, etc.). Biogeographical regions were abbreviated as follows: Alpine (ALP), Atlantic 
(ATL), Black Sea (BLA), Boreal (BOR), Continental (CON), Macaronesian (MAC), 
Mediterranean (MED), Pannonian (PAN), Steppic (STE).  
 
2. 1. Data collection 
 
 As marine sites have been implemented very recently, we decided to focus on terrestrial 
and freshwater Natura 2000 sites. The database from the IUCN Red List (IUCN 2007) was used 
to obtain a list of all threatened [vulnerable (VU), endangered (EN) or critically endangered 
(CR)] terrestrial and freshwater plant and animal species in the European Union (see Appendix 
1). In total, 707 terrestrial and freshwater species fall into these categories. For our analysis on 
the representation of threatened species in the Natura 2000 network, we used distribution maps 
in Image Bitmap files (sources: http://www.iucnredlist.org/; EIONET 2009 available on 
http://biodiversity.eionet.europa.eu/). We were able to obtain distribution maps in Image Bitmap 
files for 300 threatened species (amphibians: n = 17; birds: n = 20; fishes: n = 124; insects: n = 
26; mammals: n = 20; molluscs: n = 13; plants: n = 61; reptiles: n = 19). The distribution maps 
from the IUCN website used numerous information sources and high data quality (IUCN 2007) 
suggesting that map precision was relatively high. Because distribution maps from spatial data of 
member state reports (EIONET 2009; ETC/BD 2008) were built using different approaches and 
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data were captured at a variety of resolutions, they were re-projected by the European Topic 
Centre on Biological Diversity (ETC/BD) to a standard projection and were harmonised to give 
range and distribution on a 10 km x 10 km or equivalent grid (ETC/BD 2008). Of these 300 
species, 43.6% were VU, 26.7% were EN and 29.7% were CR. More than half (54.8%) were 
included in the annexes II, III or IV of the Habitats Directive or the Birds Directive. The Natura 
2000 network map, the biogeographical regions map and the member states map were available 
in Image Bitmap format (EEA 2010) through the European Commission. 
 
 Among all species, distribution maps are prone to errors. The maps used from the IUCN 
website (n = 145) are depending on how a species present in a given site when underlying 
distributional maps was considered. Indeed, because information of species abundance was not 
available yet from the distribution maps of the IUCN website, the species present in a given site 
could be constantly present, or promptly present (for example present during the migration, for 
reproduction access, or accidently present). These map limitations could be a potential source of 
bias (Alagador et al. 2011; Araújo 2004). Moreover, the distribution maps (n = 155) from 
EIONET (2009) have a relatively low resolution (10 km x 10 km) and are harmonised depending 
on the resolution of the method used in each member state (ETC/BD 2008). For instance, French 
Article 17 report maps were built at a very coarse resolution compared to the neighbouring 
countries. Overall, the currently available data has certain limits, likely introducing a not 
quantified bias in our analysis.  
 
2. 2. Data processing 
  
 To estimate the coverage of the Natura 2000 network in regard to the distribution of 
threatened species in Europe, we used an image processing protocol employing ADOBE 
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PHOTOSHOP CS v8.0 (Adobe Systems Incorporated 2003). By overlaying distribution maps of 
species and Natura 2000 maps, we were able to calculate the ratio at which a species distribution 
falls within sites of the Natura 2000 network. The first step consisted of overlaying the Natura 
2000 network map with a distribution map of a species. When the maps were overlaid, the 
distribution map of the species was modified in transparency, in order to highlight the Natura 
2000 sites covered by the distribution map. Through transparency, several colours were obtained 
on the screen. For example, we had red pixels for Natura 2000 sites included in the distribution 
of the given species and grey pixels for the rest of the distribution map (not covered by the 
Natura 2000 network). Consequently for each coloured area, all pixels were selected and the 
number of pixels was obtained. Coverage was then obtained as follows: the proportion of the 
distribution of a given species in the Natura 2000 network within a member 
state/biogeographical region (number of pixels corresponding to the overlay between the 
distribution map and the Natura 2000 network map; i.e. the number of red pixels) divided by the 
distribution of the given species within a member state/biogeographical region (sum of grey and 
red pixels corresponding to the global distribution map). The cover ratios per species were then 
obtained 1) per country, 2) per biogeographical region, and 3) at the European scale (by adding 
the total number of pixels included in the Natura 2000 network divided by the total distribution 
map pixels). To validate the method using Image Bitmap files, we also obtained cover ratios 
from GIS data (polygon vector files) for species groups for which such data was available 
(mammals, birds, reptiles and amphibians). The comparison of the two approaches revealed a 
non-significant difference (Mann-Whitney test: W = 1995.5, n = 64, P = 0.959).  
 
 In order to determine if country and Natura 2000 parameters could explain the coverage 
of threatened species by a national Natura 2000 network, we calculated the average coverage by 
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country and compared it to seven socio-economic parameters of countries and three Natura 2000 
indicators (Table 1; Appendix 1). 
 
Table 1. Details of all national indicators used with definition, abbreviations and units. Abbr. = abbreviation. 
 
Class Indicator Abbr. Definition Unit Ref. 
E
co
no
m
ic
 
in
di
ca
to
rs
 
Gross domestic 
product GDP 
market value of all final goods 
and services made within the 
borders of a country/year 
Million € 1 
D
em
og
ra
ph
ic
 in
di
ca
to
rs
 Total population TP all persons residing in the country Inhab. 1 
Population density PD number of individuals per surface units Inhab./km² 1 
National surface NS total surface of a country km² 1 
Urban population UP 
number of individuals residing 
in cities compared to the total 
population 
% of total 
population 1 
E
co
lo
gi
ca
l i
nd
ic
at
or
s 
Ecological footprint FP 
amount of biologically 
productive land and sea area 
needed to regenerate the 
resources a human population 
consumes and to absorb and 
render harmless the 
corresponding waste 
ha/person 2 
CO2 consumption CO2 
weighted emissions of 
greenhouse gas emissions 
Million tonnes of 
CO2 
1 
N
at
ur
a2
00
0 
in
di
ca
to
rs
 Number of sites NS Number of Natura2000 sites Number of sites 3 
Total area of sites TA Total area of all Natura2000 sites km² 3 
Natura2000 surface %size 
National network surface 
compared to total national 
surface 
% of total surface 3 
References: 1: UNDP (2006); 2: EEA (2008); 3: DG ENVIRONMENT (2010). 
 
2. 3. Statistical analysis 
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 For each species, coverage could range between 0 and 1, following a Poisson distribution. 
Therefore, we used a non-parametric Kruskal-Wallis ANOVA to test for differences between 
different species groups, member states and biogeographical regions. For refinement of the 
ANOVAs we employed the Tukey's honestly significant difference (HSD) posthoc test to 
compare member states/biogeographical region where significant differences were found with 
the ANOVA. We also used a non-parametric ANOVA to test if the surface of biogeographical 
regions is correlated to the mean coverage, to the number of threatened species present within 
and to the proportion of Natura 2000 network per region. 
  
 We then determined an arbitrary threshold of 10% of coverage to detect threatened 
species for which the Natura 2000 network has a poor coverage. This threshold of 10% is 
assumed to be the minimum of coverage to assure an efficient protection to a given species 
(Rosati et al. 2008). Under this threshold, the representation of the species may be defined as an 
under-protection ("total gap", see Rosati et al. 2008). But we can suggest that an effective 
coverage ratio (sufficient for a good protection) for a small insect may be low in areas with high 
densities, whereas we could imagine that a similar ratio should be not sufficient for mammal or 
bird species. Hence, the arbitrary threshold of 10% determined in this study was not used to 
highlight threatened species not correctly protected by the network, but only used to see how the 
Natura 2000 network overlaid the distribution of threatened species at the European scale. In 
parallel to a bad coverage of the network determining by this threshold of 10% of coverage, we 
also detected good coverage using a threshold of 90%. 
 
We used linear models to analyse the extent country and Natura 2000 indicators (Table 1) 
explain the variation in coverage of threatened species by Natura 2000 (dependent variable 
'coverage') per country (average of coverage ratios from all species living within the country) 
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and the number of species with a coverage of less than 10% (dependent variable 
'Nspecies<10%') using a Gaussian distribution and an identity link function. Because fishes were 
numerous in our database and poorly covered by the Natura 2000 network, we also conducted 
the same analysis only with these species to see if the national indicators could explain their 
specific coverage. Data were not available for Cyprus and Luxembourg, which were therefore 
excluded from this analysis. The best model among all possible sub-models was then selected 
using the corrected Akaike’s information criterion (AICc = 2 * [model performance log-
likelihood + number of parameters estimated]): models explaining the most variation with the 
fewest predictors have the lowest AICc and were considered the ‘best models’. With a selection 
by AIC, one best model can be selected (if the difference of their respective AICc is < 2; 
Anderson et al. 1994). All statistical analyses were performed with the software R (R 
Development Core Team 2008). 
 
3. Results 
 
3.1. European scale 
 
 The global mean ratio of threatened species coverage was 0.359 ± 0.255 (mean + SD; 
median = 0.304). Depending on the taxonomic group, the global mean ratio varied from 0.292 ± 
0.159 in insects (median = 0.261) to 0.452 ± 0.239 in reptiles (median = 0.412; see Fig. 1) but 
differences between taxonomic groups were statistically not significant (F8,294= 0.936, P = 
0.487). For only 6.6% (n = 20) of the analysed species, 90% of their distribution was covered by 
the Natura 2000 network. While 12% (n = 36) of the analysed species had only 10% of their 
distribution covered. The taxonomic group the least covered by Natura 2000 were fishes [22 
(17.8%) threatened fish species]. Seven of these fish species are currently listed in the annexes of 
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the Habitats Directive. In birds, only one species had a coverage of less than 10% in the Natura 
2000 network. Overall, 42% (15 out of 36 species) of threatened species with a low coverage and 
30% (6 out of 20 species) of threatened species with a high coverage by Natura 2000 were listed 
on the annexes I, II or V of the European Directives (see Appendix 1). However, comparing the 
coverage of threatened species listed by the European Natura Directives (0.339 ± 0.210) with the 
coverage of threatened species from the IUCN Red List (0.359 ± 0.255) did not reveal a 
significant difference (F1,299= 2.512, P = 0.114).  
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Figure 1. The average Natura2000 coverage of threatened species by taxonomic group. 
 
3.2. Biogeographical regions scale 
 
 The mean coverage across biogeographical regions is 0.352 ± 0.244. We did not detect 
any difference in the coverage at the taxonomic group level (F8,483 = 1.601, P = 0.122; Fig. 2a) in 
regard to the biogeographical regions, but found a significant difference at the species level 
(F8,483 = 7.01, P < 0.001). Threatened species were best covered in the Black Sea (0.587 ± 0.300; 
median = 0.602), compared to the mean coverage of the Continenal (0.271 ± 0.203; median = 
0.244), Atlantic (0.282 ± 0.269; median = 0.194), Boreal (0.191 ± 0.156; median = 0.146), 
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Mediterranean (0.354 ± 0.254; median = 0.279) and Pannonian (0.287 ± 0.106; median = 0.270) 
regions (all Tukey's HSD tests: P < 0.001). Threatened species were also well covered in the 
Alpine region (0.451 ± 0.210; median = 0.409), compared to the mean coverage of the Atlantic 
(Tukey's HSD test: P = 0.004), Boreal (Tukey's HSD test: P = 0.004) and Continental (Tukey's 
HSD test: P < 0.001) regions. We found a poor coverage of threatened species in the Atlantic (17 
out of 54 species = 31.5%), Boreal (26.7%) and Continental regions (14.7%; Fig. 2b and 2c).  
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Figure 2. (a) Difference between the Natura2000 coverage per species group and the mean 
coverage by biogeographical region (when positive, the coverage of the groups is better than the 
mean coverage of a region), (b) mean coverage by biogeographical region and (c) relative 
frequency of threatened species with a coverage below 10% by biogeographical regions. The 
number on top of the bars indicates the total number of threatened species studied per 
biogeographical region. The Pannonian region has no species falling in this category. 
 
 We did not find a size effect between the mean coverage and the surface of 
biogeographical regions (F1,7 = 2.036, P = 0.197). We also did not find a relationship between 
the surface of biogeographical regions and the number of threatened species present within (F1,7 
= 2.41, P = 0.164), whereas we found a correlation between the surface of biogeographical 
regions and the proportion of Natura 2000 network per region (F1,7 = 6.06, P = 0.043). 
 
3.3. Member states scale 
 
 The mean coverage across countries is 0.323 ± 0.225 (median = 0.282). Our comparison 
of the coverage of threatened species by a country’s Natura 2000 sites revealed significant 
differences at the taxonomic group level (F8,583 = 2.929, P = 0.003). Insects appeared to be much 
less covered by the national Natura 2000 networks (0.242 ± 0.169) compared to reptiles (0.435 ± 
0.229; Tukey's HSD test: P = 0.034) and plants (0.388 ± 0.29; Tukey's HSD test: P = 0.057).  
 
 Across species groups, the average coverage of threatened species by country showed 
significant differences (F24,567 = 3.9596, P < 0.001). Notably, the United Kingdom (0.131 ± 
0.218; median = 0.031) and Sweden (0.127 ± 0.113; median = 0.072) had a low coverage 
compared to the mean across countries, while Spain (0.407 ± 0.244; median = 0.333; Tukey's 
HSD tests: P < 0.001) and Bulgaria (0.457 ± 0.218; median = 0.402; Tukey's HSD tests: P < 
0.001 and P = 0.014 respectively) generally showed a high coverage of threatened species. In the 
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United Kingdom, 11 of 16 threatened species, all of them fish species and three listed on the 
annex II of the Habitats Directive, have less than 10% of their distribution covered by the Natura 
2000 network (Fig. 3c). The Greek Natura 2000 sites cover 8 of 79 threatened species (1 
amphibian, 7 fishes) with less than 10% (i.e. low coverage), while two of these species (2 fish 
species) are listed on the annex II of the Habitat Directive (Fig. 3c). In Spain only 5% of 
threatened species had a coverage of their distributions of less than 10% by the Natura 2000 
network.  
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c)   
 
Figure 3. (a) Difference between ratio per species group and mean ratio by member state (when 
positive, the coverage of the groups is better than the mean coverage of a country), (b) mean 
coverage of threatened species and (c) relative frequency of threatened species with a coverage 
below 10% by member state. The number on top of each bar represents the total number of 
studied threatened species by member state. The Natura2000 network from non represented 
countries had no threatened species with a coverage of less than 10%.  
 
3.4. Relationship between coverage and national indicators  
 
 The best model explaining the mean national coverage of threatened species (dependent 
variable 'coverage') consisted of the variable population density (PD) and the national network 
surface compared to total national surface (%size; F2,22 = 13.12; P < 0.001; AICc = -46.7160; 
Table 2, Table 3 and Appendix 2). The variable %size had a higher explanatory power (t22 = 
3.924; P < 0.001) than PD (t22 = -2.334; P = 0.029). Another model explaining the mean national 
coverage of threatened species included the percentage of national urban population (UP) and 
%size (F2,22 = 11.75; P < 0.001; AICc = -45.2501; Table 2 and Table 3). 
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Table 2. Results of the linear models showing the relationship between ratios of coverage and the 
extent national and Natura2000 indicators. Models with the dependent variable 'coverage' are 
models taken into account all threatened species. Models with the dependent variable 
'Nspecies10%' are models taken into account only threatened species with a coverage <10%. All 
models with a ΔAICc < 2 are represented. 
 
Variables RSS R² AICc ΔAICc 
Coverage ~ %size + PD 0.1514 0.5025 -46.7160 0.000 
Coverage ~ %size + UP 0.1606 0.4725 -45.2501 1.4659 
Nspecies10% ~ CO2 + GDP + %size 0.0012 0.7078 -99.3453 0.000 
Nspecies10% ~ CO2 + %size + TP 0.0012 0.6869 -98.1737 1.1716 
 
 
 The best model explaining the mean national coverage of species with a low coverage 
(dependent variable 'Nspecies<10%') included the national network surface compared to total 
national surface (%size), the gross domestic product (GDP) and the weighted emissions of 
greenhouse gas emissions (CO2; F1,13 = 13.92; P < 0.001; AICc = -99.3453). The mean national 
coverage of species with a low coverage was negatively correlated to CO2 (t13 = -3.901; P = 
0.002) and positively correlated to %size (t13 = 3.268; P = 0.006) and GDP (t13 = 2.452; P = 
0.029). Another good model explaining the mean national coverage of species with a low 
coverage included TP (total population) instead of GDP (F3,13 = 12.7; P < 0.001; AICc = -
98.1737; Table 2 and Table 3). 
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Table 3. Results of the best linear models selected by AICc values. (a) models with the 
independent variable 'coverage' and (b) models with the dependent variable 'Nspecies10%'.   
 
(a) Models with the dependent variable 'coverage' 
Variables Estimates for variables 
Model 1 Estimate DF F P AdjR² 
Int. 0.1465 ** 
2, 22 13.12 < 0.001 0.5025 %size 9.286x10-3 *** 
PD -1.627x10-4 * 
Model 2 Estimate DF F P AdjR² 
Int. 0.3807 * 
2, 22 11.75 < 0.001 0.4725 %size 0.0075 * 
UP -0.0033 
(b) Models with the dependent variable 'Nspecies10%' 
Variable Estimate DF F P AdjR² 
Int. 0.0335 *** 
3, 13 13.92 < 0.001 0.7078 
CO2 -1.0381x10-4 ** 
GDP 1.73x10-8 * 
%size  1.381x10-3 ** 
Variable Estimate DF F P AdjR² 
Int. 0.0371 *** 
3, 13 12.7 < 0.001 0.6869 
CO2 -1.384x10-4 ** 
TP 1.017x10-9 * 
%size  9.679x10-4 * 
 
 
 With only fish species and after model selection, 6 different models were retained. Within 
these 6 models, the percent of total Natura 2000 surface (%size), the population density (PD) and 
the percent of urban population (UP) have significant effect on the ratios of coverage. As the 
retained explicative predictors were the same that in the global model (with all species) 
demonstrating a similar analysis, we did not show this specific result in the paper. 
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4. Discussion  
 
 Here, we analysed the coverage of 300 threatened IUCN red listed species by the 
European Natura 2000 network. Our analysis showed that the distributions of a large proportion 
of threatened species of mammals, birds and reptiles showed a high coverage (≥ 90%) by the 
current Natura 2000 network. Hence, the Natura 2000 network also covers species not listed in 
the annexes of the Nature Directives. However, our results revealed that a large proportion of 
threatened species, some of them even listed on the annexes of the Habitats Directive and 
especially fishes are currently poorly covered (≤ 10%) by the Natura 2000 network. Factors 
explaining the coverage of threatened species included national network surface compared to 
total national surface (%size), national proportion of urban population (UP), national population 
density (PD), gross domestic product (GDP) and weighted emissions of greenhouse gas 
emissions (CO2).  
 
 Our analysis showed an especially low coverage of threatened fish species by the Natura 
2000 network (especially in the United Kingdom). Of the 124 fish species considered, 22 species 
had a range coverage of less than 10% by the Natura 2000 network, despite the fact that seven 
are listed in the annexes (II, IV and/or V) of the Habitats Directive [in United Kingdom: 
Coregonus clupeoides (La Cepède 1803), Coregonus pennantii (Valenciennes 1848) and 
Coregonus stigmaticus (Regan 1908); in Austria: Coregonus danneri (Vogt 1908); in Greece: 
Barbus euboicus (Stephanidis 1950), Eudontomyzon hellenicus (Vladykov, Renaud, Kott & 
Economidis, 1982) and Acipenser naccarii (Bonaparte 1836); see Appendix 1]. Concerning 
amphibians, three species (Speleomantes flavus, Rana latastei, Pelophylax epeiroticus) are 
weakly covered by the Natura 2000 network, of which two are listed in annex II and annex IV of 
the Habitats Directive. S. flavus (Stefani 1969) is endemic to Sardinia (Italy). This species is also 
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listed in Appendix II of the Bern Convention but no conservation program is known at the 
moment, despite a need for close monitoring of the population status of this species (Lecis et al. 
2008). R. latastei (Boulenger 1879) has a low coverage by the Natura 2000 network, but benefits 
from national protection in Italy, Switzerland and Slovenia. However, generally we did not find 
any difference between the coverage of IUCN threatened species and species listed on the 
European annexes.  
 
 Our analysis also showed that the region with the best average coverage of threatened 
species was the Black Sea region, covering 58.7% of the distribution ranges of threatened 
species. Although we did not find a size effect between the mean coverage and the surface of 
biogeographical regions, we want to stress that the Black Sea region is the smallest European 
biogeographical region (9705 km²) and has only 21 threatened species (7% of all species 
analysed here), while the total area of all Natura 2000 sites in this region represent 71.8% of the 
terrestrial surface (negative relationship between the surface of biogeographical region and the 
proportion of Natura 2000 network per region; see EEA 2010). In addition, the Black Sea region 
contains a low proportion of poorly covered species (4.76%; Fig. 2c). In contrast, the Alpine 
region is the region with the lowest proportion of poorly covered species (1.64%, or 1 of 61 
species) and also the region with the highest proportion of terrestrial surface cover by Natura 
sites. In contrast, the Atlantic, Boreal and Continental biogeographical regions have a high 
proportion of poorly covered species (31.48%, 26.67% and 14.71% respectively; Fig. 2c). Our 
analysis suggests that the difference between biogeographical regions with good coverage and 
the ones with poor coverage could be resulting from industrial occupation, with industrial areas 
invoking difficulties for Natura 2000 site establishment. Moreover, in these large 
biogeographical regions, the increase in urbanisation and tourism development have generated 
fragmentation and habitat loss (especially in the Mediterranean region; EEA 2010). We also 
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suggest that in countries with fewer industrial areas the Natura 2000 sites are bigger and less 
fragmented. Further, our analysis on the national scale showed that the mean coverage of the 
species with a Natura 2000 coverage of less than 10% and an overall low national mean coverage 
of all species was largely explained by a high population density and a low Natura 2000 surface. 
That result suggests that the establishment of new sites within urbanized countries was difficult 
and an adaptation of the site designation process and conservation policy might be needed in the 
future. 
 
 Globally, our analysis confirmed that the Natura 2000 network, despite the huge efforts of 
the EU member states,  may have shortcomings in protecting some of the threatened, also 
suggested by earlier studies on smaller (Dimitrakopoulos et al. 2004, Maiorano et al. 2007) and 
European scales (Jantke et al. 2011). Based on a gap analysis using modelling tools for 
conservation planning, Jantke et al. (2011) recommend significantly increasing the Natura 2000 
area to achieve complete coverage of all considered species. Instead, we recommend to increase 
the number of Natura 2000 sites, because we also tested that an increasing of Natura 2000 site's 
surface did not significantly increased the coverage of threatened species, even with an 
increasing of 10% of surface (data not shown). For the Greek island of Crete, the network was 
characterised as an inadequate protection for endangered species (Dimitrakopoulos et al. 2004). 
In addition, Maiorano et al. (2007) have shown that despite significant efforts in establishing new 
sites and an annual expansion of the Italian network, some areas with high species richness 
currently have no coverage. These areas contain endemic and rare species, often with limited 
distributions. The same authors outline that objectives and measures proposed for site 
designation were clearly insufficient to safeguard the many species and habitats present within 
the network. This was further supported by the European Commission assessment (European 
Commission 2007) that 16.4% of the 712 annex II species were not represented at all in Natura 
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2000 sites. However, despite implementation problems, conservation programs such as Natura 
2000 do bring measurable benefits to wildlife (Donald et al. 2007).  
   
5. Recommendations and perspectives 
 
In order to improve the management of Natura 2000 sites (with a high efficiency), a common 
and standardized management of the Natura 2000 network with a uniform framework among 
member states needs to be established. Natura 2000 sites should be under continuous observation 
and evaluation, to determine their importance for the conservation of biodiversity in a 
biogeographical region, either using site selection algorithms as implemented in the programs 
ZONATION (Moilanen et al. 2005) or MARXAN (Watts et al. 2009) or by determining the 
international importance of the sites for the global survival of a species (Schmeller et al. 2008a, 
b). Such an approach would improve efficiency and create importance categories for each Natura 
2000 site, as well as provide a basis on which to determine appropriate resource allocation. 
These approaches will help with the selection process, and may decrease the impact of the 
political agenda, as current observed (Mathevet & Mauchamp 2005). Our results recommend 
increasing the number of Natura 2000 sites, in order to overlay a large proportion of the 
distribution map of considered species. We further recommend developing public awareness and 
participation to increase the ecological conscience (Stoll-Kleemann et al. 2010). The 
involvement of local people in conservation strategies has been shown to be highly efficient (e.g. 
Schmeller et al. 2009). For example, in the United States, bird protection has been recently 
modified and improved by crediting landowners who have adapted their land to migratory and 
threatened species (recovery credit trading), and by establishing a Farm Bill, a law encouraging 
farmers and ranchers to protect important habitats through the Conservation Reserve Program 
(U.S. Department of Agriculture, Farm Service Agency 1997). Our recommendations should 
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increase the efficiency of Natura 2000 network by avoiding the establishment of ineffective sites 
(with a low number of protected species), as observed in several member states with a high 
Natura 2000 surface coverage but with a low number of protected species. 
 
 A similar analysis taking into account the species abundance in the Natura 2000 sites 
should be very interesting, but distribution maps currently available cannot allow us performing 
this king of analysis. Moreover, this species-based analysis at the European scale could highly 
increase our knowledge about the effectiveness of the Natura 2000 network, especially to see if 
the network is a good protector of the threatened species. In addition, it might be also interesting 
to correlate the ratio of coverage for each species with habitat fragmentation (at the member state 
and biogeographical scales) depending on the specific habitats for a given species. The study 
presents here is a preliminary one, and showed only how the Natura 2000 network overlays the 
distribution maps of threatened species. Because data were not available yet, we did not conclude 
about its efficiency of species protection. However, we hope that our results could help in the 
guidance of future studies in the improvement of the Natura 2000 species. 
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7. Appendix 
 
Appendix 1: Summary of all threatened species studied with their IUCN status and their global 
ratio of coverage (next to each taxonomic group: mean + SD). The species listed on the annex 
of the Habitats Directive or Birds Directive have across in the relevant columns. An asterisk 
(*) before the species names indicates that the species is a priority species. 
 
   
Birds 
Directive Habitats Directive 
Taxonomic 
group Species 
IUCN 
status Annex I Annex II 
Annex 
IV Annex V Covering Ratio 
Amphibians 0.3745 + 0.2627 
 Alytes dickhilleni VU     0.3160 
* Alytes muletensis VU  X X  0.3585 
 Atylodes genei VU     0.3448 
 Calotriton arnoldi CR     0.8789 
 Chioglossa lusitanica VU  X X  0.1392 
 Euproctus platycephalus EN   X  0.1903 
 Lyciasalamandra helverseni VU     0.6179 
 Pelophylax cerigensis EN     0.4200 
 Pelophylax cretensis EN     0.2536 
 Pelophylax epeiroticus VU     0.0308 
* Proteus anguinus VU  X X  0.5201 
 Rana latastei VU  X X  0.1240 
 Rana pyrenaica EN     0.5665 
 Salamandra lanzai VU   X  0.2040 
 Speleomantes flavus VU  X X  0.0000 
 Speleomantes sarrabusensis VU     0.8720 
 Speleomantes supramontis EN  X X  0.5294 
Birds 0.3329 + 0.1735 
 Acrocephalus paludicola VU X    0.3598 
 Anser erythropus VU X    0.3344 
 Aquila adalberti VU X    0.3257 
 Aquila clanga VU X    0.1375 
 Aquila heliaca VU X    0.3516 
 Branta ruficollis EN X    0.4280 
 Chlamydotis undulata VU X    0.3127 
 Columba junoniae EN X    0.5336 
 Emberiza aureola VU     0.0868 
 Falco cherrug EN X    0.2717 
 Falco naumanni VU X    0.2284 
 Marmaronetta angustirostris VU X    0.8861 
 Neophron percnopterus EN X    0.2987 
 Numenius tenuirostris CR X    0.4252 
 Otis tarda VU X    0.2503 
 Oxyura leucocephala EN X    0.2749 
 Pelecanus crispus VU X    0.2122 
 Polysticta stelleri VU X    0.3882 
 Pyrrhula murina CR X    0.1062 
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 Saxicola dacotiae EN X    0.4461 
Fishes 0.3495 + 0.2849 
 Achondrostoma arcasii VU  X   0.3081 
 Achondrostoma occidentale EN     0.1324 
* Acipenser naccarii VU  X X  0.0614 
 Acipenser ruthenus VU    X 0.2647 
 Acipenser stellatus EN    X 0.2148 
* Acipenser sturio CR  X X  0.2470 
 Alburnoides prespensis VU     1.0000 
 Alburnus albidus VU  X   0.5588 
 Alburnus belvica VU     1.0000 
 Alburnus macedonicus CR     0.4068 
 Alburnus mandrensis CR     0.2540 
 Alburnus schischkovi EN     1.0000 
 Alburnus vistonicus CR     0.3885 
 Alburnus volviticus EN     0.4406 
 Alosa immaculata VU  X  X 0.2621 
 Alosa killarnensis CR  X  X 0.2726 
 Alosa macedonica VU  X  X 0.3172 
 Alosa vistonica CR  X  X 0.6601 
 Anaecypris hispanica EN  X X  0.2622 
 Aphanius almiriensis CR     0.0000 
 Aphanius baeticus EN     0.2167 
 Aphanius iberus EN  X   0.2332 
 Barbus caninus EN    X 0.1725 
 Barbus euboicus CR    X 0.0000 
 Barbus haasi VU    X 0.3801 
 Barbus prespensis VU    X 1.0000 
 Chondrostoma prespense VU     1.0000 
 Chondrostoma soetta EN  X   0.2896 
 Cobitis arachthosensis EN     0.1144 
 Cobitis calderoni EN     0.3585 
 Cobitis hellenica EN     0.1846 
 Cobitis meridionalis VU     1.0000 
 Cobitis paludica VU     0.2413 
 Cobitis punctilineata VU     0.1499 
 Cobitis stephanidisi CR     0.4344 
 Cobitis trichonica EN  X   0.2130 
 Cobitis vettonica EN     0.3526 
 Coregonus arenicolus VU    X 0.2546 
 Coregonus atterensis VU    X 0.4560 
 Coregonus bavaricus CR    X 0.5485 
 Coregonus clupeoides VU    X 0.0630 
 Coregonus danneri VU    X 0.0000 
 Coregonus hoferi CR    X 0.5360 
 Coregonus lavaretus VU    X 0.3000 
 Coregonus lucinensis VU    X 0.3856 
 Coregonus maraena VU    X 0.7191 
 Coregonus pennantii CR    X 0.0000 
 Coregonus pollan EN    X 0.5845 
 Coregonus stigmaticus EN    X 0.0310 
 Coregonus trybomi CR    X 0.3748 
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 Coregonus vandesius EN    X 0.5682 
 Cottus petiti VU  X   0.3825 
 Cottus rondeleti CR     0.4068 
 Cottus scaturigo VU     0.9322 
 Eudontomyzon hellenicus CR  X   0.0706 
 Gobio feraeensis VU     0.2796 
 Gobio kovatschevi VU     0.4327 
 Hucho hucho EN  X  X 0.1741 
 Huso huso EN     0.2176 
 Iberochondrostoma almacai CR     0.4985 
 Iberochondrostoma lemmingii VU     0.2457 
 Iberochondrostoma lusitanicus CR     0.1785 
 Iberochondrostoma oretanum CR     0.9626 
 Iberocypris alburnoides VU     0.2349 
 Iberocypris palaciosi CR  X   0.4064 
 Knipowitschia cameliae CR     1.0000 
* Ladigesocypris ghigii VU  X   0.4205 
 Luciobarbus comizo VU  X  X 0.2575 
 Luciobarbus graecus EN    X 0.7504 
 Luciobarbus guiraonis VU    X 0.2652 
 Luciobarbus microcephalus VU    X 0.2780 
 Luciobarbus steindachneri VU    X 0.2311 
 Padogobius nigricans VU  X   0.2778 
 Parachondrostoma arrigonis CR     0.3274 
 Parachondrostoma toxostoma VU  X   0.2470 
 Parachondrostoma turiense EN     0.2348 
 Pelasgus laconicus CR     0.1336 
 Pelasgus prespensis EN     1.0000 
 Phoxinus strandjae EN     1.0000 
 Phoxinus strymonicus EN     0.1528 
 Pseudochondrostoma duriense VU     0.2012 
 Pseudochondrostoma willkommii VU  X   0.2581 
* Romanichthys valsanicola CR  X X  0.6891 
 Romanogobio benacensis EN     0.2022 
 Rutilus meidingeri EN     0.2982 
 Rutilus panosi VU     0.0579 
 Rutilus prespensis VU     1.0000 
 Rutilus ylikiensis EN     0.1583 
 Salaria economidisi CR     0.3977 
 Salmo carpio CR     0.2096 
 Salmo fibreni VU     0.0000 
 Salmo nigripinnis VU     0.7632 
 Salmo pelagonicus VU     0.0215 
 Salmo stomachicus VU     0.7852 
 Salvelinus evasus VU     0.4250 
 Salvelinus fimbriatus VU     0.8889 
 Salvelinus gracillimus VU     0.0000 
 Salvelinus grayi CR     0.4821 
 Salvelinus killinensis VU     0.0000 
 Salvelinus lonsdalii CR     0.0000 
 Salvelinus mallochi VU     0.0558 
 Salvelinus maxillaris VU     0.4118 
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 Salvelinus obtusus CR     0.6124 
 Salvelinus perisii VU     0.0000 
 Salvelinus struanensis VU     0.0320 
 Salvelinus willoughbii EN     0.0000 
 Salvelinus youngeri VU     0.0000 
 Scardinius graecus CR  X   0.1897 
 Scardinius racovitzai CR     0.0000 
 Scardinius scardafa CR     0.2105 
 Squalius aradensis VU     0.2704 
 Squalius keadicus EN     0.1945 
 Squalius lucumonis EN     0.1987 
 Squalius malacitanus EN     0.7118 
 Squalius moreoticus EN     0.2970 
 Squalius sp. nov. 'Evia' CR     0.0000 
 Squalius torgalensis EN     0.5601 
 Squalius valentinus VU     0.3249 
 Telestes beoticus EN     0.1215 
 Tropidophoxinellus spartiaticus VU     0.0914 
 Umbra krameri VU  X   0.2502 
* Valencia hispanica CR  X X  0.1441 
* Valencia letourneuxi CR  X X  0.2807 
 Zingel asper CR  X X  0.3343 
Insects 0.2918 + 0.1592 
 Boyeria cretensis VU     0.3746 
 Buprestis splendens VU  X X  0.2916 
* Carabus olympiae VU  X X  0.0656 
 Cerambyx cerdo VU  X X  0.2779 
 Cordulegaster helladica VU     0.1905 
 Cordulegaster trinacriae VU  X X  0.7246 
 Cucujus cinnaberinus VU  X X  0.2402 
 Dytiscus latissimus VU  X X  0.1159 
 Erebia christi VU  X X  0.6633 
 Erebia epistgyne VU     0.2763 
 Erebia sudetica VU   X  0.0626 
 Graphoderus bilineatus VU  X X  0.1874 
 Macromia splendens VU  X X  0.2647 
 Maculinea rebeli VU     0.1979 
 Morimus funereus VU  X   0.3976 
 Odontopodisma rubripes VU  X X  0.2005 
 Onychogomphus costae VU     0.2497 
* Osmoderma eremita VU  X X  0.1984 
 Papilio hospiton EN  X X  0.2198 
 Parnassius apollo VU   X  0.3865 
 Pieris wollastoni CR     0.4681 
 Polyommatus galloi EN     0.2564 
 Pyrrhosoma elisabethae VU     0.1410 
* Rosalia alpina VU  X X  0.3835 
 Saga pedo VU  X X  0.3010 
 Stenobothrus eurasius VU  X X  0.4515 
Mammals 0.3607 + 0.1725 
 Arvicola sapidus VU     0.2208 
* Bison bonasus VU  X X  0.4016 
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 Crocidura canariensis EN   X  0.4122 
 Crocidura zimmermanni VU     0.4143 
 Dinaromys bogdanovi VU     0.2930 
 Galemys pyrenaicus VU  X X  0.2486 
 Lepus castroviejoi VU     0.7101 
 Lepus corsicanus VU     0.2793 
* Lynx pardinus CR  X X  0.5714 
 Microtus bavaricus CR     0.1700 
* Mustela lutreola EN  X X  0.2113 
 Myomimus roachi VU  X X  0.4998 
 Myotis capaccinii VU  X X  0.2903 
 Nyctalus azoreum EN   X  0.1562 
 Pipistrellus maderensis EN   X  0.6117 
 Plecotus sardus VU   X  0.1737 
 Plecotus teneriffae EN   X  0.6659 
 Rhinolophus mehelyi VU  X X  0.2688 
 Spermophilus citellus VU  X X  0.2117 
 Vormela peregusna VU  X X  0.4039 
Shellfishes 0.3312 + 0.0614 
 Caseolus calculus VU  X X  0.3523 
 Caseolus commixtus VU  X X  0.3523 
 Discula leacockiana VU  X X  0.3523 
 Discula tabellata EN  X X  0.3523 
 Discus guerinianus EN  X X  0.3523 
 Geomitra moniziana EN  X X  0.3523 
 Idiomela subplicata VU  X X  0.3523 
 Leiostyla abbreviata CR  X X  0.3523 
 Leiostyla corneocostata VU  X X  0.3523 
 Leiostyla gibba CR  X X  0.3523 
 Margaritifera auricularia CR   X  0.2283 
 Margaritifera margaritifera EN  X  X 0.1668 
 Sadleriana pannonica VU  X X  0.3874 
Plants 0.3967 + 0.2931 
* Abies nebrodensis CR  X X  0.4355 
 Aethionema retsina CR     0.4326 
 Allium rouyi CR     0.1216 
* Anchusa crispa CR  X X  0.1484 
* Anthemis glaberrima CR  X X  0.3209 
 Antirrhinum subbaeticum EN     0.6286 
* Apium bermejoi CR  X X  0.1320 
 Aquilegia barbaricina CR     0.1327 
 Aquilegia nuragica CR     0.1924 
 Arbutus canariensis VU     0.1420 
 Arenaria bolosii CR     0.0944 
* Arenaria nevadensis CR  X X  0.4297 
 Astragalus cavanillesii CR     0.8742 
 Biscutella rotgesii CR     0.3051 
 Brimeura duvigneaudii CR     0.2839 
* Bupleurum kakiskalae CR  X X  1.0000 
 Carum foetidum CR     0.0000 
 Centranthus trinervis CR  X X  0.1078 
 Cerastium sventenii EN     0.6774 
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* Consolida samia CR  X X  0.2640 
* Convolvulus argyrothamnus CR  X X  0.3507 
* Cremnophyton lanfrancoi CR  X X  0.0372 
* Diplotaxis siettiana CR  X X  1.0000 
 Distichophyllum carinatum EN  X X  0.4063 
 Dracaena draco VU   X  0.4980 
 Echium acanthocarpum CR     0.6265 
 Echium callithyrsum VU     0.2756 
 Echium handiense CR     0.3469 
* Euphorbia margalidiana CR  X X  0.2665 
 Femeniasia balearica CR     0.5880 
 Gyrocaryum oppositifolium CR     0.0000 
 Helianthemum guerrae EN     0.3769 
* Helichrysum melitense CR  X X  0.0399 
 Jasione mansanetiana EN     0.2362 
* Lamyropsis microcephala CR  X X  0.3275 
* Limonium strictissimum CR  X X  0.0508 
* Lithodora nitida EN  X X  0.1603 
 Moehringia fontqueri EN   X  0.6308 
* Myrica rivas-martinezii CR  X X  0.5916 
 Narcissus alcaracensis EN     0.8421 
 Narcissus bugei EN     0.3043 
 Narcissus longispathus EN   X  0.4352 
 Narcissus radinganorum EN     0.6388 
 Naufraga balearica CR  X X  0.0903 
 Ochyraea tatrensis CR  X X  1.0000 
 Picconia azorica EN  X X  0.0569 
* Pittosporum coriaceum CR  X X  0.3733 
* Ribes sardoum CR  X X  0.3333 
 Salix tarraconensis CR     0.4446 
 Senecio alboranicus CR     1.0000 
 Sideroxylon marmulano VU   X  0.1012 
 Silene diclinis EN     0.0607 
 Silene fernandezii EN     0.2309 
 Silene gazulensis CR     0.1443 
* Silene hicesiae CR  X X  0.9315 
 Silene sennenii EN     0.4974 
 Solenanthus reverchonii CR     1.0000 
 Sorbus maderensis CR  X X  0.4071 
 Succisella andreae-molinae EN     0.9113 
* Thamnobryum fernandesii EN  X X  0.3291 
 Zelkova abelicea VU  X X  0.5352 
Reptiles 0.4520 + 0.2395 
 Algyroides marchi EN   X  0.7120 
 Archaeolacerta bedriagae VU   X  0.1535 
 Chalcides simonyi EN  X X  0.3357 
 Gallotia auaritae CR     0.3583 
 Gallotia bravoana CR     0.7160 
 Gallotia intermedia CR     0.5059 
* Gallotia simonyi CR   X  1.0000 
 Iberolacerta aranica CR     0.3329 
 Iberolacerta aurelioi EN     0.4138 
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 Iberolacerta cyreni EN     0.5344 
 Iberolacerta martinezricai CR     0.8546 
 Iberolacerta monticola VU  X X  0.3598 
* Macrovipera schweizeri EN  X X  0.5565 
 Podarcis carbonelli EN     0.5128 
 Podarcis gaigeae VU     0.1515 
 Podarcis lilfordi EN  X X  0.1856 
 Podarcis raffonei CR     0.1333 
 Testudo graeca VU  X X  0.4122 
 Vipera ursinii EN  X X  0.3601 
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Appendix 2: Principal component analysis of socio-economic, national indicators and 
parameters describing the Natura2000 network (see also Table 1). 
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ABSTRACT 
 
Flight direction is a major component of animal’s migratory success. However, few studies 
focused on variations both between and within individuals in flight direction which is likely to 
be correlated with other traits implied in migration processes. We report patterns of intra- and 
inter-individual variation in flight direction in the large white butterfly Pieris brassicae 
(Linnaeus, 1758). Our results confirm that this trait is inherited in P. brassicae and show that 
inter-individual variation was higher in breeding families than in families collected in the field, 
which may suggest a rapid loss of migratory skills in the absence of selection for migration. 
The magnitude of intra-individual variations was also negatively correlated to two surrogates 
of the potential for migration: mobility and wing length. Highly mobile individuals within the 
same family were found to fly in similar directions, whereas less mobile individuals displayed 
divergent flight direction compared to the average direction of their family. There was also a 
negative correlation between the variance to the mean flight direction of a family and its 
average mobility. We discuss these issues in terms of co-evolution between traits potentially 
implied both in migration and dispersal in P. brassicae. 
 
Keywords: Migration, butterfly, individual variation, mobility syndrome. 
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INTRODUCTION 
 
Migration is a process allowing animals to escape from deteriorating environmental conditions 
to exploit predictable favourable habitats (Liedvogel et al. 2011). This process involves a suite 
of adaptive traits, i.e. the migration syndrome, including morphological, physiological, sensory 
and behavioural characters (Akesson and Hedenstrom, 2007). Among those traits, orientation 
(also called migratory direction) is defined as an individual characteristic by which an animal 
moves in a given plane or compass direction (Baker, 1978) and is a major component of the 
migratory success of individuals (Holland et al., 2006). Indeed, to minimize migration time, 
natural selection will favour those traits which optimize the overall migration speed, including 
orientation, and help reaching the so-called optimal migration model (Alerstam and Lindström, 
1990; Hedenstrom, 2008). As a result, orientation is a selected trait in migratory species for 
which the determination of genetic bases is a central topic in migration-related studies 
(Berthold 1991; Helbig 1996; Liedvogel et al. 2011).  
 
 Flying migratory species may exhibit great variations in flight directions (Helbig et al. 
1994; Helbig 1996; Thorup et al. 2007), despite rather high heritabilities of migratory traits in 
insects (Roff and Fairbairn, 2001) and birds (Pulido and Berthold, 2003). As a result, inter-
individual variations in migration roads have been shown to be crucial to enable rapid 
evolution of migratory behaviours (Berthold, 1996). However, inter-individual variability is 
often neglected in both modelling and empirical studies of orientation systems (Thorup et al. 
2007). Even less emphasis has been placed on intra-individual variations, although it might be 
an essential component of the individual’s migratory success. Indeed, individuals will have 
facilities to rapidly reach their migratory site using the more rectilinear trajectories as possible 
given the landscapes (i.e. to present few intra-individual variations in flight direction). For 
instance, Moore (1984) found that inexperienced migrants of the Savannah sparrow 
Passerculus sandwichensis exhibited more intra- than inter-individual variations in flight 
direction, contrarily to experienced migrants, suggesting that homogeneity in orientation plays 
a fundamental role in the migration behaviour. In addition, Reilly & Reilly (2009) 
demonstrated that heterogeneity was frequent in flight direction in juvenile birds and 
interpreted it as a possible bet hedging strategy, given that the fitness of parent’s juvenile 
offspring has been observed very variable from year to year. How often such intra- and inter-
individual variation is observed and to what extent the long-term persistence of this variation is 
adaptive remains an open question. 
355
As orientation is a major component of the migratory syndrome, it is thus likely that flight 
direction co-evolves with other migratory traits. This suite of traits implied in the migratory 
syndrome is also likely to be implied in the dispersal syndrome, where dispersal is defined as 
any movement with potential consequences on gene flow (Ronce, 2007; Zera and Brisson, 
2012), as they both concern traits related to movement ability. In general, dispersal and 
migration traits exhibit high heritability values but may also be dependent upon environmental 
factors (Clobert et al., 2009). The existence of behavioural syndromes, i.e. suites of correlated 
behaviours reflecting inter-individual consistency across both time and multiple situations (Sih 
et al., 2004) has been described in several insects (Dingle, 2001; Dingle, 2006; Roff, 2001) 
including the butterfly Pieris brassicae which shows correlations between morphological and 
behavioural traits related to mobility (Ducatez et al., 2012a). To what extent selection on 
migratory traits can also influence the dispersal response (and the reverse) is an intriguing 
question of great importance in evolutionary ecology. This is particularly true for P. brassicae 
which exhibits high variation in migratory behaviours, although those behaviours are still 
poorly known. Both mobility and flight direction have been shown to depend on geography 
(Spieth and Cordes, 2012; Ducatez et al., in press) but so far, the relationship between mobility 
and flight direction has not been investigated. 
 
 The mechanistic components of orientation are relatively well documented in insects, 
especially in ants (Vowles, 1954) and in bees (Dyer and Could, 1983; Capaldi et al., 2000), but 
less attention has been devoted to butterflies at the exception of the Monarch Danaus 
plexippus., although this group is key in the study of both migration and dispersal patterns 
(Stevens et al., 2010). Pieris brassicae is certainly one of the most intriguing migrant butterfly 
species. This species is well distributed in Europe (from north Scandinavia to the Iberia 
peninsula including the Balkans), in North Africa and Asia until the Himalaya mountains 
(Feltwell 1982 and references therein). It exhibits 2 to 4 generations per year from April to 
November, which are successively involved in the whole migration cycle of the species, and it 
hibernates with a pupal wintry diapause (Feltwell, 1982). In general, the spring generation flies 
northward and the autumn generation flies southward in Europe (Baker, 1968) due to the 
developmental mode (Spieth et al., 1998). However, P. brassicae shows important variations in 
migratory directions which depend upon the geographic origin of individuals (Spieth and 
Kaschuba-Holtgrave, 1996; Spieth and Cordes, 2012). Interestingly, butterflies do not change 
their flight direction during the course of the day or with advancing age and orientation skills 
are not essentially influenced by temperature or sun’s azimuth during adult stage (Spieth et al., 
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1998). The latter study also hypothesized that the mating status should have little impact on the 
females’ peak flight direction. Altogether, these results were highly congruent with a genetic or 
epigenetic inheritance of migratory direction in P. brassicae. Otherwise, it has also been 
supposed that, within the species, only a part of the individuals actually migrates (Feltwell, 
1982) which raises the question of the existence of local adaptations in some individuals of the 
species. 
 
 To further characterize the mechanisms responsible for the orientation trait in P. 
brassicae, the present study aims at (i) quantifying intra- and inter-individual variations in 
flight direction in both natural and breeding families of P. brassicae and (ii) studying the 
relationships between flight direction and other mobility traits to further characterize the 
behavioural syndrome described in P. brassicae. 
 
MATERIAL AND METHODS 
 
Breeding conditions 
 
To assess the role of natural vs captive conditions on the evolution of flight direction, two types 
of eggs were collected and bred under similar laboratory conditions. The first was composed of 
4 egg clutches originating from a breeding in Visan in South-East France (Vaucluse) after at 
least 4 captive generations. The second was composed of 16 egg clutches collected in nature in 
South-West France (Ariège). Among them, 10 originated from Orgibet, 2 from Montégut-en-
Couserans, 3 from Moulis and 1 from St-Girons (Table 1). Females of P. brassicae mate only 
once and lay clutches of full-sibs (Feltwell, 1982; Ducatez, 2011; Larranaga et al.,  
unpublished). 
 
 
 The two types of clutches will be hereafter called field and breeding families. All 
individuals belonged to the offspring of adults from diapaused pupae, emerged in June and July 
2011 and were reared under similar conditions. Families were held in a climate chamber under 
photoperiod control (14:10h light:dark period) and fixed temperatures (23° ± 1° C in light 
periods, 18° ± 1° C in dark periods) inducing direct development. After hatching, larvae were 
then bred into 40x20x10 cm boxes within the same climate chamber, and were fed ad libitum 
with fresh cabbage. During the first 24 hours after adult emergence, each butterfly was 
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individually marked and placed in a 1x1x1 m breeding cage with water supply and 
nectariferous flowers. Males and females were separated and experienced similar densities in 
the laboratory. In total, 340 butterflies were used in the experiment (Table 1). 
 
Table 1: Number and origin of the butterflies used for flight direction tests. “breeding” families 
were bred in captivity for more than 4 generations. “field” families were collected in the wild. 
Family 
code N males N females 
Date of 
emergence Origin Type 
A 4 4 26/06/11 Visan breeding 
B 4 4 29/06/11 Visan breeding 
C 4 4 25/06/11 Visan breeding 
D 4 4 25/06/11 Visan breeding 
E 10 9 10/07/11 St-Girons field 
F 10 10 31/07/11 Orgibet field 
G 10 10 29/07/11 Orgibet field 
H 10 10 05/08/11 Orgibet field 
I 10 10 26/07/11 Orgibet field 
J 10 10 29/07/11 Orgibet field 
K 10 10 28/07/11 Orgibet field 
L 10 10 26/07/11 Orgibet field 
M 10 10 26/07/11 Orgibet field 
N 10 10 27/07/11 Orgibet field 
O 10 10 28/07/11 Orgibet field 
P 10 10 28/07/11 Montégut field 
Q 10 10 29/07/11 Montégut field 
R 9 3 27/06/11 Moulis field 
S 10 7 24/06/11 Moulis field 
T 10 10 27/06/11 Moulis field 
 
 
Flight direction 
 
The assessment of flight direction was performed using a slightly modified version of the 
experimental design developed in Spieth & Kaschuba-Holtgrave (1996). It consisted in a large 
outdoor orientated cage (2x2x2 m) which sides were covered with gauze, and composed of an 
octagonal base on which cardinal points were represented. The cage was fixed exactly at the 
same place in Moulis (Ariège, France) during all the experiments. Each butterfly was tested 
individually to prevent interactions with conspecifics inside the cage. Butterflies were all kept 
under similar laboratory conditions before the experiment. In order to slow down their 
metabolism and therefore to force them to acquire perceptual information before flying, 
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individuals were cooled in a fridge for 30 seconds (5 ± 1°C). They were then immediately 
placed in a 10x10x10 cm box covered by an opaque piece of tissue with an articulated arm 
allowing opening the box on demand with the experimenter staying outside the experimental 
cage. Thus, each butterfly was considered naive at the beginning of the experiment, i.e. facing 
a completely new environment. The direction of the body was randomised for each butterfly at 
the beginning of the experiment. Individuals were released in the centre of the cage and the 
first contact with the gauze was used as the flight direction measure. Two subsets of 
individuals were tested. First, the experiment was repeated 10 times on 10 individuals to 
quantify intra-individual variations in flight direction (1 male and 1 female from field family S 
and 1 male and 1 female from breeding families A, B, C, and D). Replicates were performed 
every one hour interval during two days. Spieth & Kaschuba-Holtgrave (1996) and Spieth et 
al. (1998) showed that the main flight direction was constant over time and external conditions. 
To confirm this finding, this first set of individuals was also used to test whether the first 
record of flight direction was a good predictor of the mean individual flight direction over 
time. The first record of flight direction was the variable used in a second experiment where 
330 individuals from the 20 families (175 females and 165 males) were used to quantify inter-
individual variation in flight direction. Tests were conducted in June and July 2011 between 
1:00 pm and 6:00 pm under sunny weather and temperatures greater than 25 °C.  
 
Mobility 
 
In butterflies, flight capacity and wing length are likely to be fundamental in migratory 
behaviours. In addition, these traits have been described as keys in dispersal capacities 
(Baguette et al., 2000; Berwaerts et al., 2002; Louy et al., 2007; Ockinger et al., 2010; Sekar, 
2012; Stevens et al., 2012). We thus used a measure of these two traits on 70 butterflies to test 
for their relationship with flight direction. 
 
- Mobility: One day after emergence butterflies were individually introduced within a 
25x10x10 cm plastic chamber perforated at its basis, and fixed to a rapid agitator (Vortex 
Genie 2, Scientific Industries). Experiments were performed at 25 ± 1 °C. Each butterfly was 
allowed to habituate to the chamber for 1 minute. We then turned the vortex on, which strongly 
shook the chamber and impeded the butterfly to perch on the chamber’s wall, and butterfly’s 
behavior was observed during one minute. During the test, the butterfly had the possibility 
either to fly or to lay uncomfortably at the bottom of the chamber, in a reduced area strongly 
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shaken by the vortex. The time an individual spent flying during the test was calculated, high 
values reflecting good mobility. This test has been described in Ducatez et al., (2012a) and is 
known as a good proxy of dispersal in experimental metapopulations (Legrand et al., 2012). 
 
- Wing length: Immediately after the mobility test, butterflies were anesthetized with nitric 
oxide in a 10x10x10 cm box (Inject+Matic Sleeper TAS ®) and wing lengths were measured 
using a calliper by the same experimenter. 
 
Statistical analyses 
 
Data analyses were performed using the R software vs 2.12 (The R Foundation for Statistical 
Computing, Vienna) and the circular R-package (Agostinelli and Lund, 2011). The uniformity 
of the circular distribution of flight directions both within individuals (intra-individual 
variation) and within families (inter-individual variation) was tested using Rayleigh tests. 
Circular analyses of variance (ANOVA) were then used to compare the distributions of intra-
individual and intra-families flight directions. Spearman’s correlation tests were used to assess 
the relationship between (i) individual mobility or wing length and consistency in flight 
direction and (ii) families’ average mobility or families’ average wing length and the variance 
in flight direction of these families. As the distribution of values of the mobility test exhibited a 
clearly bimodal distribution, individuals tested for inter-individual variations were classified in 
two subsets based on the median of the distribution: (i) individual with high mobility (flying 
more than 35 seconds in the mobility test) and (ii) individuals with low mobility (flying less 
than 20 seconds in the mobility test). Wilcoxon tests were performed to investigate the 
difference in the deviation to the mean flight direction of the family in high and low mobility 
groups. The same approach was used to test for the difference in inter-individual variation in 
flight direction between long winged individuals and small winged individuals. Groups were 
defined according to the median of the distribution of wing lengths. 
 
RESULTS 
 
Intra-individual variations in flight direction 
 
Among the 10 tested individuals, 7 exhibited a preferential flight direction when released 10 
times in the cage (5 females and 2 males with significant Rayleigh tests, Table 2 and Fig 1). 
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The two individuals from a field family had a non random distribution of flight directions, 
contrary to individuals in breeding families (5 out of 8). Females from breeding families flew 
in a range of angles between 0 ° and 90 ° (i.e. in northerly or westerly directions) although they 
differ in their mean flight directions (F = 4.85, p-value < 0.01, Circular Anova). Males from 
breeding families exhibited very different mean flight directions (F = 14.13, p-value < 0.01, 
Circular Anova, Fig 1). The first flight direction was generally very close to the average 
direction of the nine following assays, as suggested by Table 2 (mean difference over all 
individuals between the first assay and the others = 22.59 °), and is always within the 95% 
confidence interval around the individual mean flight direction. Furthermore, we found a 
positive correlation between the first assay and the individual average direction (r = 0.947, p-
value = 0.013, Spearman’s correlation). This result provides good arguments to support the use 
of the first value as a proxy of flight direction in P.brassicae. 
 
 
Fig 1: Flight directions in degrees (0° standing for the North) of 10 butterflies (5 females: F1 to 
F5 and 5 males: M1 to M5). F1 and M1, F2 and M2, F3 and M3, F4 and M4 were originating 
from breeding families A,B,C and D respectively. F5 and M5 were originating from field 
family S. Each dot represents the first contact with the gauze over the 10 replicates of the 
experiment. The arrows represent the average individual flight directions. Asterisks indicate 
individuals with significantly non-random distribution of flight directions. 
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Table 2: Comparison of the first and subsequent values of flight directions in degrees over 10 
assays per individual. The first value was within the 95% confidence interval and close to the 
average flight direction for each tested butterfly. Bold values indicate individuals with 
significant non random distribution of flight directions (Rayleigh uniformity test). 
Individual Family Sex 
First 
value of 
flight 
direction 
Mean 
flight 
direction 
over the 
10 assays 
Mean flight 
direction 
without the 
first assay 
Upper 
limit 
Lower 
limit 
F-statistic 
(Rayleigh) p-value 
F1 B ♀ 90 89.32 97.28 354.32 184.33 0.6992 0.005 
F2 C ♀ 340 0.43 11.79 259.24 101.61 0.6663 0.008 
F3 D ♀ 40 25.41 16.61 292.20 118.62 0.7086 0.004 
F4 E ♀ 20 31.94 30.50 279.19 144.69 0.6038 0.022 
F5 S ♀ 150 187.18 201.73 69.49 304.87 0.5775 0.031 
M1 B ♂ 20 5.37 5.49 287.55 83.20 0.7866 < 0.001 
M2 C ♂ 80 43.59 27.49 256.58 190.59 0.4243 0.167 
M3 D ♂ 150 134.69 132.70 0.60 268.77 0.4904 0.088 
M4 E ♂ 270 246.92 257.08 98.01 35.83 0.4151 0.181 
M5 S ♂ 90 82.79 86.05 338.69 186.89 0.6504 0.011 
 
Inter-individual variations in flight directions 
 
In mean, individuals flew in northward directions (mean = 20.76 °, p-value = 0.024, Rayleigh 
test). In addition, the mean flight direction was similar between males and females (F = 0.231, 
p-value = 0.632, Circular Anova). The flight direction of 8 out of the 20 tested families, 
including the 4 breeding families, was not consistent among siblings (Table 3), meaning that 
inter-individual variation in flight direction within these families was important. In other 
words, 12 out of the 16 field families exhibited a preferential flight direction. Otherwise, flight 
directions were significantly different among field families (F = 50.58, p-value < 0.001, 
Circular Anova). 
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Table 3: Mean flight directions for the 20 families (in degrees) and significance of the Rayleigh 
uniformity test. Bold values indicate families with a significantly non random distribution of 
flight directions. 
  
Family Type 
 
N males N females Mean flight direction (degrees) 
Statistic 
(Rayleigh) p-value 
A breeding  4 4 46.16 0.209 0.717 
B breeding  4 4 353.93 0.292 0.519 
C breeding  4 4 95.65 0.330 0.432 
D breeding  4 4 352.91 0.227 0.675 
E field  10 9 103.13 0.574 0.001 
F field  10 10 151.97 0.722 < 0.001 
G field  10 10 87.64 0.564 0.001 
H field  10 10 0.74 0.741 < 0.001 
I field  10 10 17.64 0.523 0.003 
J field  10 10 315.67 0.702 < 0.001 
K field  10 10 184.89 0.581 < 0.001 
L field  10 10 233.19 0.232 0.345 
M field  10 10 45.18 0.539 0.002 
N field  10 10 272.75 0.586 < 0.001 
O field  10 10 58.67 0.644 0.001 
P field  10 10 313.24 0.481 0.008 
Q field  10 10 218.36 0.572 < 0.001 
R field  9 3 32.77 0.265 0.439 
S field  10 7 14.34 0.141 0.718 
T field  10 10 324.97 0.333 0.108 
 
 
Relation between flight direction and individual mobility 
 
The standard deviation in flight direction calculated over the 10 replicates performed for 10 
individuals was strongly related to mobility and wing length (r = -0.93, p-value < 0.001 for 
wing length and r = -0.90, p-value < 0.001 for mobility, Spearman’s correlation). Thus, 
butterflies exhibiting very consistent directions throughout the assays were long-winged and 
highly mobile individuals (Fig 2). Importantly, wing length and mobility were themselves 
highly correlated in these 10 individuals (r = 0.91, p-value < 0.001, Spearman’s correlation), 
although this correlation was not found in the overall sample (r = 0.13, p-value = 0.251, 
Spearman’s correlation). Also, the subset composed of highly mobile individuals showed a 
difference to the mean flight direction of their families of origin that was marginally different 
from the less mobile group (p-value = 0.058, Wilcoxon test, Fig 3a). In other words, more 
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mobile individuals were also those flying the closest from the mean direction of their family. 
On the contrary, the same analysis showed that the two subsets of individuals with longer or 
smaller wings exhibited the same deviation to the mean flight direction of their family (p-value 
= 0.978, Wilcoxon test). There was also a negative correlation between the variance in flight 
direction of the family and the average mobility (r = -0.684, p-value = 0.035, Spearman’s 
correlation, Fig 3b). In other words, families composed of individuals with high mobility also 
display higher consistency in flight direction. The same analysis revealed no correlation 
between the variance in flight direction and the average wing length (r = 0.305, p-value = 
0.271, Spearman’s correlation). 
 
Fig 2: Standard deviation of the distribution of flight performance in the 10 individuals used to 
test the intra-individual variations in flight directions (individuals released 10 times in the 
orientation cage). The standard deviation of the resulting distribution is negatively correlated to 
mobility (black dots, r = -0.9, p-value < 0.001, Spearman’s correlation) and to wing length 
(white dots, r = -0.93, p-value < 0.001, Spearman’s correlation). 
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Fig 3: (a) Individual deviation to the mean flight direction of their originated family in highly 
and poorly mobile groups (N High = 53, N Low= 17). (b) Negative correlation between the 
variance in flight direction of a family and its average mobility (r = -0.684, p-value = 0.035). 
Error bars represent standard errors. 
 
DISCUSSION 
 
Repeatability and mode of inheritance of flight direction 
 
This study highlights consistency in flight direction in P. brassicae. Indeed, we have shown 
that intra-individual variation in flight direction was low across time when individuals were 
repetitively submitted to the same experiment. These findings match those of Spieth & 
Kaschuba-Holtgrave (1996) which showed that flight direction in P. brassicae did not vary 
with advancing age of individuals. However, this contrasts with some results in birds showing 
that flight direction is likely to vary over lifetime (Moore, 1984). Birds are likely to migrate 
several times over their lifetime, so that they will benefit from their previous experience to 
adjust their flight direction. According to Newton (2007), age differences in migration patterns 
can be the result of at least two factors: the timing of annual cycle events, such as moult, and 
body size or dominance which depend on age classes. On the contrary, migration occurs only 
once in insects species and is probably determined by genetic or epigenetic factors. 
 
 Interestingly, although individuals showed a general tendency to orientate in northern 
directions, inter-individual variation in flight direction was found both between and within 
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families. Strong within family variation was especially found within the four breeding families 
and within four field families. This result has an important implication: environmental cues 
seem not to play a fundamental role in the choice of flight direction in P. brassicae. Indeed, all 
individuals were confronted to the same experimental conditions (time period, positioning of 
the cage, sun azimuth and temperature) and the same developmental conditions (temperature, 
humidity and photoperiod) but they did not chose the same flight direction. Our results would 
thus be consistent with a strong inherited component of the flight direction in P. brassicae, 
which corroborates the studies of Spieth & Kaschuba-Holtgrave (1996) and 
Spieth and Cordes (2012). In the sister species Pieris rapae, Baker (1968) also concluded that 
migratory direction was a selected and inherited trait that was independent of the mother’s 
orientation. On the contrary, the Monarch butterfly uses a sun compass to orientate (Mouritsen 
and Frost, 2002). In migrating birds both innate and environmentally-induced orientation have 
been described (Pasinelli et al. 2004; Ogonowski & Conway 2009) and flight direction depends 
greatly on the flight direction of the mother. Future researches need now to focus on the mode 
of inheritance of flight direction, either via genetic or non-genetic factors to disentangle the 
effects of geography and selection for migration. In particular, parental effects have been 
described as important factors driving the phenotypes of P. brassicae individuals (Ducatez et 
al., 2012b). 
 
 A major point of this work was to compare results between field and breeding families 
of butterflies in the same experiment. This experiment is particularly informative as the 
comparison between two sets of individuals that were either originated from a natural 
environment or were bred in captivity for several generations is a technical challenge and has 
been poorly used in migratory birds despite the extensive literature (Helbig 1996) and in 
insects (but see Nesbit et al., 2009). We showed that butterflies kept under breeding conditions 
during four generations at minimum did not show consistency in their flight direction as for the 
majority of field families. This probably means that a loss of migratory skills was observed in 
captive butterflies in a very small temporal scale (only a few generations). Although this 
conclusion needs some caution due to our limited sample size (4 breeding families), it is 
congruent with the rapid change of migratory behavior described in the Blackcap Sylvia 
atricapilla (Berthold et al., 1992). On the other hand, Nesbit et al. (2009)found that reared 
butterflies of Vanessa cardui exhibited a significant bias in flight direction, whereas field 
butterflies flew in different directions. However, this species uses a sun compass to orientate 
contrary to P. brassicae. An alternative hypothesis would support the existence of different 
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adaptations between families from breeding and field families that were sampled in different 
locations (breeding families are from the Vaucluse and field families are from Ariege, about 
400 km western). Geographical location is a major factor influencing flight directions in P. 
brassicae because individuals adapt their flight directions to the geographical barriers they face 
(Spieth and Cordes, 2012). Further experimental studies are thus required to conclude on the 
existence of a rapid shift in flight direction in P. brassicae and to characterize the mechanisms 
underlying such variation. 
 
Migration roads and local adaptation in P. brassicae 
 
Our results show that the mean flight direction was skewed toward North. All butterflies 
emerged in June and July 2011 meaning that they were from the first generations of the year. 
The northern preference of individuals are thus in accordance with the migratory roads 
described in P. brassicae with spring and summer generations migrating northward and 
autumn generations migrating southward in Europe (Feltwell, 1982; Spieth and Cordes, 2012). 
Nonetheless, it is interesting to note that families with uniform distributions in flight directions 
sampled in the same site during the same period were not all orientated in the same direction 
(see families J and K in Table 3). This means that migratory patterns may be different in the 
same geographical region. Several mechanisms can explain this pattern. First, different 
migration sites may exist in P. brassicae that are genetically determined and have not been 
described yet. Second, individuals may experiment different roads to cross the barriers 
encountered during their migration toward northern directions (our field families were all 
sampled in the French Pyrenees). This hypothesis is congruent with the results of 
Spieth and Cordes (2012) which showed that P. brassicae butterflies change their flight 
direction during migration according to the geographic barriers they face. Third, in case of 
maternal transmission of flight direction, mothers may modulate the mean flight direction of 
their progeny either to avoid kin competition when they lay several clutches in the same 
location or to avoid intraspecific competition when several mothers laid egg clutches at the 
same place. Finally, different flight directions between families of the same location may 
account for non migrating strategies, i.e. resident strategies, corresponding to local adaptations. 
Feltwell (1982) and references therein suggested that only a part of P. brassicae individuals are 
migrants. More generally, insects are often facultative migrants that respond to changes in 
habitat availability, quality, or level of crowding, reflecting bet-hedging strategies (Holland et 
al., 2006). This statement takes all its sense in P. brassicae when considering the variation in 
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flight direction between individuals of the same families. Indeed, partitioning the progeny in 
migrant and non-migrant individuals represents a good strategy to limit the negative impact of 
rapid changes in environmental conditions or to adapt to local favourable conditions. It is 
noteworthy that local adaptation in P. brassicae has been observed in traits related to migration 
and mobility (Spieth and Cordes, 2012; Ducatez et al., in press). 
 
Relation with flight performance 
 
The existence of behavioural syndromes has been extensively documented in the last years and 
appears central in the evolution of organisms (Sih et al., 2004; Sih et al., 2012). These 
syndromes rely on a suite of phenotypical traits which co-evolve to determine the behavioural 
types of individuals. Such syndromes have been extensively studied in the context of migration 
because migration implies selection on morphological characters for long distance movements 
(van Noordwijk et al. 2006) resulting in different characteristics between migrant and resident 
individuals (Sandberg and Moore, 1996; Lõhmus et al., 2003; Marchetti and Zehtindjiev, 
2009). For example, Leisler and Winkler (2003) showed that migrant birds are generally 
smaller and have shorter tails and longer wings than non-migrant individuals. Interestingly, P. 
brassicae is a facultative migrant and exhibits a syndrome related to mobility (Ducatez et al. 
2012a) which could be related to its migratory behaviour. Our results clearly demonstrate that 
flight direction co-evolves with some of these mobility traits. In particular, we found a strong 
correlation between intra-individual variations in flight direction and mobility and wing length, 
the two variables being strongly correlated in the subset of individuals used to test repeatability 
in flight direction. This means that good performers, which have longer wings, exhibit lower 
variation in their flight direction than bad performers, which have smaller wings. Further, the 
results show that good performers were also those which flight direction was the closest to the 
mean flight direction of their families of origin, a relation that was not found using long-
winged and small-winged groups of individuals (Fig 3a). In other words, highly mobile 
siblings have tendency to orientate in the same direction. The observed negative correlation 
between the variance in flight direction of a family and its average mobility (Fig 3b) is also 
congruent with the hypothesis of a migratory syndrome in P. brassicae. Altogether, our results 
are consistent with the study of Backman & Alerstam (2003) which showed that fast flying 
bird species had more accurate heading directions (i.e. less intra-individual variations). Future 
research need now to focus on the evolutionary mechanisms underlying such interactions 
between traits as it is difficult to know which traits effectively co-evolved into a migratory 
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syndrome and which correlations are simple by-products of selection acting independently on 
traits responsible for migration (Pulido & Berthold 2003; Pulido 2007; Teplitsky  et al. 2011). 
The dispersal behaviour also implies a suite of correlated traits that can be the same as those 
described in migratory syndromes. This implies that migrants and dispersers in one hand and 
non-migrants and residents in another hand may harbour the same characteristics. For example, 
in P. brassicae, dispersers have been shown to exhibit longer wings and higher mobility than 
residents (Legrand et al., 2012). Dispersers and residents may also use different types of 
movements. Van Dyck & Baguette (2005) described dispersal as either a succession of fast 
directed movements or a by-product of routine movements (e.g. foraging, mating, etc…) and 
hypothesized that residents may restrict their movements to the routine type, thus leading to a 
potential uncoupled evolution of routine and dispersal movements. Such patterns may form the 
basis of a divergent evolution of flight direction in both dispersers and residents, as the two 
types of movement require different capacities. To prevent the return to previously visited 
areas, dispersers should exhibit rectilinear trajectories, implying few intra-individual 
variations, whereas residents should benefit more from a more accurate habitat exploration, 
and thus should be able to shift easily between different directions. These differences in types 
of movements between dispersers and resident would exactly lead to the patterns of intra- and 
inter-individual in flight direction we observed in this study. In particular, the intra-family 
variation in flight direction (putative presence of both residents and dispersers in the same 
family) can be viewed as a way to maximize the survival of the progeny because some siblings 
will optimally use the local resources while others will search for new reproductive sites (bet-
hedging strategy, see above). Furthermore, the difference in intra-individual variations in flight 
direction between females and males in our study -all females exhibited a significantly non 
random distribution in flight directions contrarily to males (2 out of 5 only)- would explain the 
tendency of females to disperse more in P. brassicae (D. Legrand et al. unpublished). 
 
To conclude, our results demonstrate that flight direction, a fundamental trait involved in both 
migration and dispersal behaviour, is inherited and highly variable in P. brassicae populations. 
This study also adds new elements to the mobility syndrome described in P. brassicae. We 
proved that highly mobile individuals, which have been described as more prone to exploration 
and bolder than less mobile individuals, have also tendency to keep the same flight direction 
and to orientate in the same flight direction. Clearly, P. brassicae populations present 
individuals with distinct phenotypes corresponding to different migration and/or dispersal 
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strategies, opening the possibility to find both local adaptations and bet-hedging strategies in 
this butterfly. 
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